N72-236o0f
N&SH cf-118009

Gulf-RT-10482

STUDY OF RADIATION EFFECTS IN SILICON SOLAR CELLS
Final Report

B. C. Passenheim, R. A. Berger, J. F. Colwell,
and J. A. Naber

Prepared for
Jet Propulsion Laboratory
Pasadena, California 91103

under
Contract 952387

January 29, 1971

GULF RADIATION TECHNOLOGY
ADIVISION OF GULF ENERGY & ENVIRONMENTAL SYSTEMS COMPANY
PO BOX 608 SAN DIEGO, CALIFORNIA 92112



GULF RADIATION TECHNOLOGY

Gul f-RT-10482

STUDY OF RADIATION EFFECTS IN SILICON SOLAR CELLS
Final Report

B. C. Passenheim, R. A, Berger, J. F. Colwell,
and J. A. Naber

Prepared for
Jet Propulsion Laboratory
Pasadena, California 91103

under
Contract 952387

Gulf Radiation Technology Project 6105

January 29, 1971

GULF RADIATION TECHNOLOGY
A DIVISION OF GULF ENERGY & ENVIRONMENTAL SYSTEMS COMPANY
P.O. BOX 608, SAN DIEGO, CALIFORNIA 92112



ABSTRACT

Radiation effects in lithium-diffused bulk silicon have been studied
to ascertain the nature of the defects responsible for the degradation in
output of silicon devices (solar cells) irradiated by space radiation.
Minority-carrier lifetime temperature dependence measurements were per-
formed before and after irradiation with 30-MeV electrons and fission
neutrons. For low fluences of 30-MeV electrons, the lifetime degradation

constant

K = é%él =~ 6 x 10—8 cm2/e-sec
for lightly diffused silicon (n(Ii) < 1015/cc) was the same as phosphorus-
doped silicon of comparable donor density. The degradation constant for

1ithium-rich silicon (n(Ii) = 1016/cc) was almost twice as great. The
degradation constant in lithium-diffused samples did not depend on oxygen
for 30-MeV electron irradiations, but for fission neutrons the minority-
carrier lifetime in oxygen=-rich quartz-crucible (QC) silicon degraded at
least twice as fast (1.6 x 10'-5 cm?/n-sec) as in oxygen-lean float=-zone
(FZ) silicon. The initial recombination center introduction rate seems to
be the same at all temperatures between 110° and 300°K, but because of the
temperature dependence of the capture cross section, the degradation con=-
stant increases with decreasing temperature. The degradation constant was

found to decrease with extended fluences.

Recombination centers located more than 0.3 eV from a band edge were
produced by 30-MeV electron irradiations in both FZ and QC silicon. In
addition to the deep centers, centers near (Ec - 0.17) eV were observed
in FZ silicon both before and after irradiation. Lifetimes at and above
room temperature reflect recombination through the deep centers, which
were observed to amneal by first-order kinetics. For electron irradia-
tions, activation energies of 0.80 + 0,10 and 1.0 £ 0.2 eV were found

for FZ and QC silicon, respectively. The 0.17-eV center annealed much



6

more slowly. Effective frequency factors ranged from about 10~ to
nearly lOlo —l as the lithium donor density increased from about
b x lOlLL to almost 3 x 1016/cc. One-hour ameals at 390°K caused more
than 80% lifetime recovery at low fluences, but at high fluences trap-

ping centers were seen which could not be removed by thermal anneal.
These annealing characteristics suggest migration of lithium to the defect

center as the annealing mechanism.

About 95% of the neutron-induced recombination centers thermally
annealed between 300° and 400°K. The anneal was clearly first-order,
with an activation energy of 0.67 + 0.05 eV for FZ silicon. Assuming
first-order annealing, an activation energy of 1.2 + 0.6 eV was found
for QC silicm. These activation energies suggest annealing results

from migration of l1lithium to the recombination center.

For 30-MeV electron irradiations at 300°K, an electron-spin reso-
nance investigation showed that the introduction rate of the oiygen-
vacancy (Si-Bl) center ranged from the normal rate of ( = 0.15 + 0.05
cm l) in lightly diffused (10 /cc) silicon to less than (O 025 + 0.010)
cm“l in lithium-rieh (4 x 10 7/cc) QC silicon. On thermal anneal, the
electrical conductivity, LiO+ density, and Si-Bl density all decreased
between 320° and 380°K. In nondiffused silicon, the Si-Bl center

anneals above 550°K.

For phosphorus-doped lithium-diffused float-zone and quartz-crucible
silicon irradiated at or below 150°K, to fluences of ~lOl7 e/cm2 the

phosphorus-vacancy (Si-G8) introduction rate ( = 0,16 +0.05 cm-l) was the

same as for silicon which contained no llthlumfQ Ii0 resonances were ob-
served before irradiation but disappeared on irradiation. The Si-G8 center
thermally annealed between 425° and L75°K, as it does in nondiffused sili-
con. More than lOls/cc unidentified centers remained after a 15-minute

anneal at 600°K.

Infrared absorption measurements indicate the introduction rate of
the divacancy (Si-G7) center is comparable for electron-irradiated lithium-
diffused (5 x lOl Li/cc) and nondiffused silicon at electron fluences

of ~lOl7e/cm?. Sample temperatures were kept below 150°K during and after



irradiation. The divacancy anneals at or below 300°K in diffused siliconm,
compared with 325° to 575°K in nondiffused silicon. As the 1.8-um divacancy
band disappears, new bands near 1.4k and 1.65 um appear, and these anneal

near 600°K.

Although measurements under this contract were done on bulk silicon
diffused with lithium, the desired ultimate goal is an operating device—
namely, a solar cell—that is resistant to radiation damage. Therefore,
in addition to measuring changes in the electronic properties of bulk
materials due to demaging radiation and annealing, it is important to
be able to predict the effect of such changes on the device performance.
To achieve thig goal, a computer code called PN has been applied to gen-
erate solar cell current—voltagé (I-V) output. This code can be used to
predict the steady-state I-V characteristics of solar cells with arbltrary
doping profiles, spectral light intensity, nonuniform radiation damage,
etec. It can include the degradation of carrier lifetimes with radiation

fluence and the annealing of this damage with time.

In this report, the theory and operation of this code are briefly
discussed. It is shown that the code generates accurate I-V curves for
a realistic N-on-P diffused-junction solar cell geometry. It is shown
that results from the PN code for a step-junction solar cell agree with
the predictions of a simplified analysis. This gives confidence that
the code can be used for more complex (and realistic) junctions which
cannot be directly analyzed. Finally, the code is applied successfully
to the complicated problem on nonuniform radiation damaée from low-
energy protons. Computer predictions of cell output versus proton

fluence are shown to be quite close to measured results.



ABSTRACT L] L ® @ ® L Qe

1.
2.
3.
b,

INTRODUCTION o o s o © s s o « s s o o o
TRRADTATION FACILITIES - o s « s o o » &
SAMPIE PREPARATION « o « o o s o s o o o

STUDY OF MINORITY-CARRIER LIFETIME . . »
4.1 Introduction .

& & @& @ ® & @ © ® ®

®

4.2 Minority-Carrier Lifetime Measurement

L.2.1 Photoconductivity Decay

4.,2.2 Steady-State Photoconductivity

4.3 Experimental
4.,3.1 Samples

4.3.2 Sample Chambers .

e o o e © 8 e © o o

.k
k.5

4.5.1 30-MeV Electron Irradiations
Diffused FZ Silicon
30-MeV Electron Irradiations
Diffused FZ Silicon
30-MeV Electron Irradiations
Diffused QC Silicon .
30-MeV Electron Irradiations
Diffused QC Silicon .

L,5,2 e tions

4.5.3
h,5.L

e e o

k.5.5
4.5.6

FZ Silicon - o o o o o

QC Silicon . .
Conclusions . - «

h.6

e @ ® o & @& @

Techni

Minority-Carrier Lifetime Recombination
Minority-Carrier lLifetime Measurements

[

®

e & ©° ® e @
q_U_eS s e ®
a e ® © e &
@ ® & ® 8 @

Theory o« o« o »

in Heavily

in Lightly

in Heavily

in Lightly

L3

4.6.1 30-MeV Electron Irradiations . .

4.6.2 Fission Neutron Irradiations

L3

STUDY OF SPECIFIC RADIATION-INDUCED DEFECTS

5.1 BElectron-Spin Resonance . . « o
5.1.1 Introduction . .
5.1.2 Samples
5.1.3 Results of ESR Measurements
5.1.4 Conclusions

5.2 Infrared Absorption Studies . . «

®» ®© & & & @

e & o 8 © & e @

Neutron Irradiations of Lithium-Diffused

Neutron Irradiations of Lithium-Diffused

USE OF CAMPUTER PN CODE FOR PREDICTING PERFORMANCE

OF SILICON SOLAR CELLS .
Introduction
Description of PN Code .

a ® o ® & @ & @

@ © e ® e ® 8 & @ ® ®

e o ® & »

o

3

®

& B @

1
2
3 Application of Code to a Typical Solar Cell
4 Dependence of Electrical Output on Physical

6.4.1 Calculation of Open-Circuit Voltage,

6.4.2 Short-Circuit Current

Conclusions .

® 2 ® e o & @ ®8 @8 @

Computer-Simulated 300-keV Proton Damage

4 ® 8 ®» @ &

® @ ®

°

@

e & o o o o
& o @ e ®» ®
® o & ® o o

® e o

Parameters

Voc ® e e o

® ®» o o @ o



CONTENTS (Cont. )

7. OlI'HER WORI{ s @ e e @ e e o ® @ o a © © @ ® ® ® © o & ® e e @ 95

8. SUMMARY OF CONCIUSIONS « o o 2 o o o o o o o o o o« s 5 o o o 96
8.1 Minority-Carrier Lifetime . « o « o o o = o a« « o o« o o 96
8.1.1 30-MeV Electron Irradiations « « « o o« o o « o o 96

8.1.2 Fission Neutron Irradiations « « « « « o o o« « « 99

8 ® 2 EleC tI'OI’l" Spin ReS onancCe » o« » o o © o a ® © o o o o o o 99
8.3 TInfrared AbsOrption « « o o o = o o « s s o s » s o o o« 100
8.4 Computer Simulation of Solar Cell « « &+ o o « o o« » o « 100

9. RECOMMENDATIONS FOR FUTURE WORK o o o o o s o s o o o o « o 102
10, NEW TECHNOIOGY ¢ o o o s s s o s o o o o s s » o s s o o o « 105
11. PUBLICATIONS AND PRESENTATIONS « « o o o o o o s o o « o » o 206

REFERENCES o o o o s o s o o s o o a s s s a« s » o o« s s » o o o 207

FIGURES

1. Preirradiation electrical conductivity and Hall
coefficient of lithium-diffused float-zone silicon « « « « « 19
2. Apparatus for measuring lifetime and resistivity as
a function of neutron fluence . . & e o o e o o o o s & 20
3. Varisble-temperature (50° to 500°K) cryostat used
to make electrical and optical measurements . . o o » o« o o 21
4, Recombination cross section in silicon versus temperature . 25
5. Inverse temperature dependence of minority-carrier
lifetime in an 11-ohm-cm lithium-diffused silicon sample
exposed to 30-MeV electrons 8t 300K o ¢ o o o s o s o o « o 28
6. Temperature dependence of minority-carrier lifetime for
30-MeV electron-irradiated lightly-diffused FZ silicon . . « 29
T. Minority-carrier lifetime degradation constant for
1lithium-diffused silicon versus temperature of
irradiation and measurement . ¢ o « o 2 o « o s o o o s = o 31
8. Temperature dependence of minority-carrier lifetime
for 60-chm-em QC silicon (not lithium~-diffused) . « « « « » 33
9. Temperature dependence of minority-carrier lifetime for a
2-ohm-cm lithiuwm-diffused QC silicon sample, before and
after irradiation with 2.7 x 1012 e/cm2 30-MeV electrons
at 300°K and after a 25-minute anneal at 385°K . . . « =« « » 34
10. Inverse minority-carrier lifetime versus 30-MeV electron
fluence for a 2-ohm-cm QC silicon sample irradiated at
300°K; isochronally annealed at 385° to 390°K for 25 to
30 MINULES o o o o « o o o o o o o o 6 6 o o o s s s s o s o 36
11. Inverse minority-carrier lifetime versus 30-MeV electron
fluence for lithium-diffused n-type QC silicon irradiasted
8L 300°K ¢ o 4 o s 5 s o o 5 6 6 0o s s o o s s s s e e e o 3T
12. Lifetime degradation constant versus maejority-carrier
concentration for FZ and QC n-type silicon irradiated
with 30-MeV electrons at 300°K « « o « o o o ¢ o o o o o o o 38



213,

1k,

15.

16.

7.
18.

19.

20,

21.
22,
230
2k,
25,
26.

27a

8.
29,

30.
31.
32.

FIGURES (Cont.)

Temperature dependence of minority-carrier lifetime for

a 2-chm-cm oxygen~containing lithium-diffused silicon
sample, before and after irradiation with 2.7 x 1012
e/cm@ 30-MeV electrons at 112°K, and after a 30-minute
anneal 8t 390°K .+ v o o o o o s o 6 o s o 6 s o e 8 o s o
Unannealed fraction of annealable recombination centers
versus amnealing time after 30-MeV electron irradiation
of lithium-diffused n-type QC silicon irradiated at 300°K
Unannealed fraction of annealable defects after 5-minute
isochronal anneals at indicated temperatures after 30-MeV
irradiation of lithium-diffused n-type QC silicon irra-
diated at 300°K & ¢ o o o o o s o 5 s o 8 o o s s 0 o o s
Minority-carrier lifetime versus lOOO/T of lithium-
diffused n-type QC silicon o s« « s s s = s o s o » s o s o
Degradation of inverse lifetime of lithium-diffused n-type
QC silicon at 280°K as a function of neutron fluence . . .
Unannealed fraction of anmnealable defects in lithium-
diffused FZ and QC n-type silicon, measured at 280°K,
versus isochronal anneal temperature, after APFA
irradiation . s ¢ s o o e o 2 2 o & 5 e s 6 o s & & s o a
Isothermal ameal of lithium-diffused n-type QC

silicon after APFA irradiation « « o s ¢ o s ¢ s o o s o
Minority-carrier lifetime temperature dependence of a
2-ohm-cm lithium-diffused QC silicon sample before and
after neutron irradiation of about 1 x 1010 n/cm2 o o s e
Resistivity of electron-irradiated lithium-diffused
silicon versus 295°K storage time .« o+ « o o o o o o o o o
Resistivity after 15-minute isochronal anneals for

1i thium-diffused electron-irradiated silicon . « « & « &« &«
Density of paramagnetic centers after 15-minute isochronal
amneals for lithium-diffused, phosphorus-doped, electron-
irradiated silicon ¢ « s o s ¢ o e s o o o 5 & o @ 6 o o
Divacancy model . ¢ ¢ s o o o o 2 s 2 o 6 5 s s s o o s
Relative transmission of high-purity FZ (10%-chm-cm) and
high-purity lithium-diffused FZ silicon after irradiation
with 30-MeV electrons at <IS0°K ¢ o o o o o o o o o o s o
Measured I-V curve compared with cell simulated by PN
code; both cells graded junction in AM1 sunlight « » « o
Diagram showing relative energies of carriers across an
n/p solar cell Junction . o o o o o o a © o o a & & o o
Voe versus g for run 310.1 « o o o o o o o ¢ o s« o o o s o
Variation of open-circuit voltage, Voo, with minority-
carrier lifetime in the base, Tpes © ¢ ° o = o o o ¢ o o o
Varigtion of short-circuit current, I, with minority-
carrier lifetime, 7, where L =,/30T €M . & & « o » & o o o
Current-voltage curves of a graded-junction cell degraded
by 300-keV protons to fluences as marked on curves .
Normalized short-circuit current, ISC/IO, versus proton
Pluence, & (protons/em@) . v v v v v 0 v 0 e 4 . .

39

10

Lo
L7
48

49
50

52
6L
65

66

70
9
81

8k
86

91
92



OV W N R

TABIES

History of Previous Work « « « = s ¢ s o s o o s o & o
Samples Used in BSR Studies « « o o« « o o s s s & o o
Annealing History of Samples Used in Divacancy Study .
Input Parameters for PN Code Step Junction Cell . . .
Range Versus Energy for Low-Energy Protons in Silicon

3

®

Distribution of Defect Recombination Centers as a Function
of Fluence of 300-keV Protons in an Unshielded Solar Cell.

62

TL
82

87
89



1. INTRODUCTION

The overall purpose of this program was to ascertain the nature of
the defects responsible for the degradation in output of silicon devices
(solar cells) irradiated by space radiation. When the nature of the
defects and their annealing mechanisms are known, it will be possible
(1) to determine the parameters that will lead to development of radiation-
hardened devices, (2) to predict the effects of radiation and annealing
on solar cells, and (3) to make use of computer programs to predict radia-

tion effects in solar cells on extended space flights.

The present effort was concentrated on the study of the effects of
lithium on the production and annealing of damage in silicon. This work
was performed on lithium-diffused bulk silicon using measurements includ-
ing conductivity, Hall effect, minority-carrier lifetime, electron-spin
resonance (ESR), electrical conductivity, and infrared absorption. The
temperature range from 77.50 to 4000K was investigated. The damage was
introduced by 30-MeV electrons and fission neutrons.(E > 10 keV). Thirty-

MeV electrons produce defects similar to those produced by high-energy protons.

In recent years, investigators at Gulf Radiation Technology (Rad
Tech)* and elsewhere have carried out basic research programs in an attempt
to determine whether the degradation is caused by primary radiation-induced
defects or by an association of these primary defects with impurities. The
annealing properties of these defects have also been studied. In these
programs, lithium-diffused silicon solar cells have shown promise of being

superior to other types of silicon solar cells in a radiation environment.

There are two approaches to determining the feasibility of using
lithium-diffused silicon solar cells in space applications. One is the

direct approach, in which the output characteristics of the cells are

* D
Formerly Defense Sciences Department of Gulf General Atomic Incorporated.



measured as a function of type of irradiation particle, fluence, lithium
concentration, time, and temperature. This approach is time-consuming,
since it requires long-term experiments to measure the cell output char-
acteristics after an irradiation. In addition, the number of parameters
to be studied and the various environments to be considered make this
approach cumbersome., Furthermore, solar cell development progresses

so rapidly that, by the time testing is complete, the cells often are
considered obsolete by the manufacturer. The second approach is the basic-
mechanisms approach. Its objective is to obtain an understanding of the
physical, microscoplc natures of the defects and their annealing. Once
these are understood, the response of the cells inwrious environments
can be predicted. This understanding can also lead to recommendations
for improving the performance of the cells in an irradiation environment.
The basic-mechanisms approach can complement the direct approach by sug-
gesting experiments and pointing out important parameters that may other-
wise have been overlooked. Used together, the two approaches minimize

the need for long-term experiments.

In the basic-mechanisms approach, data from silicon solar cells are
sometimes difficult to interpret because of problems inherent in the use
of lithium-diffused silicon solar cells. These problems include high
field effects in the depletion region; large concentration gradients of
lithium near the junction (i.e., the actual lithium concentration within
a diffusion length of the junction); effects of irradiation on contacts;
and aging of contacts. Therefore, at Gulf Rad Tech we have concentrated
on the electrical properties of bulk lithium-diffused silicon, measuring
the effects of ilrradiation with 30-MeV electrons and fission neutrons
and subsequent annealing behavior. Special emphasis has been placed on
minority~carrier lifetime measurements, since solar cell efficiency depends

strongly on this parameter.

Minority=-carrier lifetime measurements supply information about the
nature of the recombination centers. Lifetime studies in lithium-diffused
silicon for preirradiation and postirradiation and preanneal and post-

anneal conditions indicate recombination center densities and energy

10



levels and their annealing characteristics. These studies have been
carried out for samples with varied lithium and oxygen concentrations

and at various temperatures.

Electron-spin resonance (ESR) measurements yield additional detailed
information about radiation-induced defects which may be responsible for
lifetime degradation. Under favorable conditions, this technique may
specifically identify the centers observed in minority~carrier lifetime
studies. The ESR technique was previously used to study the production
and annealing of the oxygen-vacancy (Si-Bl), the divacancy (Si-GT7), and
the phosphorus-vacancy (S8i-G8) centers in lithium-diffused silicon. In
the present investigation, optical techniques were applied to the divacancy

study, and the ESR study of the phosphorus-vacancy was completed.

Infrared (IR) absorption techniques have been used to augment the
findings of ESR measurements of the divacancy. Infrared absorption mea-
surements are less sensitive than ESR measurements, but unlike ESR can
generally be used to observe defects regardless of their charge state.

The presence or absence of oxygen in samples was checked by IR techniques.

Electrical resistivity measurements were used to determine the lithium
concentration and to help determine the position of the Fermi level for
the ESR and minority-carrier lifetime studies. Donor density estimates
based on resistivity measurements were periodically corroborated by Hall

effect measurements.

The program amassed a considerable amount of experimental evidence
on production and anneal of radiation damage in bulk silicon of various
lithium, phosphorus, and oxygen concentrations at various temperatures.
Both high-energy electrons and fission neutrons have been used as irradia-
tion sources. Minority-carrier lifetimes indicate the energy levels and
recombination center production rates. Electron-spin resonance and infrsg-
red absorption measurements have supplied information on the production

and anneal of certain specific defects.

The incentive for collecting this information is to attempt to

(1) understand the specific nature of the radiation-induced damage and

11



its relationship to lithium content, and (2) to apply this information

to the case of a lithium~diffused solar cell exposed to space radiation.

To accomplish the second objective, a computer program has been gener-
ated which calculates the current-voltage output of a solar cell when input
parameters are supplied such as the spectral intensity of the illumination
and the initial details of the cell construction (i.e., junction depth,
doping profiles, carrier lifetimes, etc.). Further, the effects of radia-
tion damage and thermal anneal can be simulated and the solar cell output
recalculated for cells in various stages of degradation and recovery.
EBxperimentally determined degradation and annealing rates of bulk silicon

supply the information required by the code to simulate degraded and
annealed cells, This code shows great potential for supplying quantitative

predictions of solar cell output for any variety of cell constructions and
ambient conditions. Judicious use of the code could considerably reduce
the number of cells and variety of experimental conditions currently re-
guired to establish the response of cells exposed to real or simulated

space radiation.

To show the worth of this code, it has been applied to the initial
and degraded output of a typical N-on-P solar cell exposed to proton

irradiation.

12



2. IRRADIATION FACILITIES

Most of the irradiations for the present program were performed at
the Gulf Rad Tech electron linear accelerator (Linac) facility. This
facility contains an L-band traveling-wave electron accelerator capable
of producing electrons with energies between 3 and 45 MeV, pulse widths
from 0.01 to 5 usec, and peak currents of approximately 700 mA. This
machine was used both as the source of displacement radiation and as the
ionizing radiation source needed to obtain excess carriers in the lifetime
experiments. The intensity and pulse widths were reduced for the ioni-
zation pulses to minimize displacement damage that would occur as a result

of these pulses.

A second source of ionizing pulses for the lifetime experiments was
a Rad Tech flash X-ray. This machine delivers a 120-nsec pulse of 600-
keV X-rays. For samples with lifetimes greater than 20 usec, a Xenon

strobe light was also used to inject carriers.

The Gulf Rad Tech Accelerator Pulsed Fast Assembly (APFA) was one
fission neutron source for minority-carrier lifetime studies. The APFA
is a T=in.-diameter uranium (93% U235) unreflected fast reactor which can
be opérated as elither a steady-state reactor or a repetitively pulsed (up
to 720 pps) subcritical fast neutron source. The APFA offers easy acces-
ibility for positioning of test samples, greatly facilitating in situ mea-
surements. Samples may be located inside a 3/h-in.-diameter hole in the
reactor or adjacent to the core. Once the test samples are in position,
the reactor is brought to the desired reactivity configuration and (if

desired) pulsed.

Two other neutron sources employed were the Gulf General Atomic TRIGA
reactor and a Fansteel and uranium target (3-in.-dia.)(y,n) neutron source.
The latter was used in conjunction with the ILinac, using Bremsstrahlung

from 40-MeV electrons to initiate the (y,n) reaction. In-situ measurements

were not attempted with either of these neutron sources.

13



3. SAMPLE PREPARATION

In the initial work with lithium~-diffused silicon performed by Gulf
Rad Tech,(l) samples were prepared by NASA/Goddard; Centralab, Semicon-
ductor Division, Globe Union, Inc.; and Radio Corporation of America.
Subsequently, in order to save time and ensure that our sample require-
ments were met, we produced our own lithium-diffused samples. Silicon
was diffused by two techniques: 1lithium-oil paint-on and lithium-tin bath
diffusion. Details of these diffusion techniques have been presented

(2)

previously.

The same diffusion techniques were used to prepare the samples inves-
tigated in this reporting period. In addition tc these two techniques, a
third technique was employed using lithium-aluminum hydride in ether as

(3)

a diffusion source.
(2)

lithium donor density was less using the lithium-oil diffusion than by

As previously reported, the probability of obtaining a uniform
other techniques. However, +the paint-on process is so convenient

to use, when attempting to make a small number of samples of g particular
donor density, that we continued to rely heavily on this process. After
diffusion and redistribution, lithium donor density was established by
measuring resistivity profiles by a four-probe technique. The experimental
uncertainty, or measurement-to-measurement scatter using the four-probe
apparatus, is estimated to be £12%. In this process, the resistivity was
measured at various points across the front and back surfaces of the dif-
fused and redistributed 2-mm-thick slabs. Samples which showed nonunifor-
mities greater than about 20% were discarded. If a sample appeared to be
of uniform resistivity, a portion of the sample was thinned in 0.25 mm
increments by lapping or sawing off one side, and the resistivity of each
side was remeasured. The measured resistivity was corrected for the diminish--

(%)

ing nonuniformities greater than about 20% across their thickness were also

ing sample thickness according to the method of Valdes. Samples show-

discarded.
14



Finally, the lithium donor density was estimated from the measured

(5)

resistivity of a completed sample, or to the Hall coefficient of a com-

four-probe resistivity using data by Irvin, and compared to either the
pleted sample, or both. Thus, the lithium donor density is thought to
be uniform to within 20% for every sample. This rather tedious evalua~-
tion procedure would be intolerable in a manufacturing operation, but was
acceptable for making the small batch-~lots required for this research

program.
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L, STUDY OF MINORITY-CARRIER LIFETIME

4.1 INTRODUCTION

Minority-carrier lifetime measurements have been studied for several
reasons. First, changes in minority-carrier lifetimes due to radiation-
induced defects can be observed at very low fluence levels (approximately
lO12 e/cmg), making these measurements some of the most sensitive measure-
ments available. Second, the temperature dependence of minority-carrier
lifetime establishes the density and energy levels of recombination cen=~
ters. Third, the solar cell output can be related to the minority-carrier
lifetime (T). A discussion of the relationship between solar cell perfor-
mance and minority-carrier lifetime is presented in Section 6 of this

report.

4,2 MINORITY-CARRIER LIFETIME MEASUREMENT TECHNIQUES

The minority-carrier lifetimes were measured by two techniques. The
first was the standard photoconductivity decay method, and the second was

the steady-state photoconductivity method.

4.2,1 Photoconductivity Decay

The photoconductivity decay technique is described in Ref. 1. Three
penetrating carrier-injection sources were employed: a filtered Xenon
strobe light, a 600~keV flash X-ray, and a low=level, O.l-usec pulse of
30~MeV electrons. Carrier-injection levels of less than l% were generally
used. The same preirradiation, low-injection=-level lifetime was measured
using all three injection sources. Photodecay signals were observed on
an oscilloscope and photographed. When necessary, these data were reduced

by a computer calculation, as previously described.

4h,2.2 Steady-State Photoconductivity

The steady-state photoconductivity technique was used for the neutron

irradiation experiments and some of the electron irradiation experiments.
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For these measurements, minority carriers were injected with a tungsten-
3 Hz

before passing through a lens system, water, gallium arsenide and silicon

filament 1light source which was chopped by a toothed wheel at 10

filters. At equilibrium, the change in conductivity is Ag = gre (pn +
pp), where g is the generation rate of the light source and M and up are

the electron and hole mobilities. The direct-current conductivity is

0o = DSk« Thus, holding the sample current constant, one finds that
i +
Iﬂl-;/l_ﬁ_:é_r_l:.gl(u)_ (1)
v %o %o %o Ky
The signal observed was dc voltage (V) modulated by a 103-Hz chopped
signal of amplitude AV = lO“3 V. From Eg. 1, it is clear that
. - Do (___.) o] - s]ey (2
+ L]
g My * by v v

The constant A was empirically determined for each sample by com-
paring the measured photodecay lifetime (1) with the amplitude of the
steady-state signal (AV/V) at one or more temperatures. Characteristically,
A=1% 3 x ZLO-2 sec, depending on the light intensity. Carrier-injection

levels of less than 1% were used.

4.3 EXPERIMENTAL
4.3.1 Samples

Vacuum float-zone silicon samples used in these lifetime investiga-
tions were fabricated from lOu-ohm—cm n-type silicon. This high-purity

3

material had a room temperature lifetime of about 10~ usec before lithium
diffusion. Quartz-crucible samples were lithium-diffused from 60~-ohm~-cm
phosphorus-doped material which had an initial room-temperature lifetime

in excess of 100 usec.

Thus, the density of recombination centers prior to diffusion was
negligibly low. The samples were lithium-diffused by either the lithium-

tin bath or one of the paint-on techniques. Lifetime samples were of the

17



standard four-lead configuration. Hall effect samples had an additional
lead midway between the voltage leads, on the back of the sample. Gold
preforms were ultrasonically tacked to 1.6 x 1.6 x 10 mm samples and
bonded by heating to MSOOC for 7 min. Electrical leads of 0.002-in. cop-
per were soft-soldered to the gold dots, and a copper-constantan thermo-
couple was cemented to one end of the sample with GE-T031 insulating

varnish.

Figure 1 shows typical conductivity and Hall effect results on a
lithium-diffused float-zone silicon sample. A donor density of 2.5 x

(5)

ductivity decrease with increasing temperature is attributed to the tem-

(7)

1014/cc was estimated from the room-temperature resistivity. The con~

perature dependence of lattice scattering.

4.3.2 Sample Chambers

Samples were attached to headers which could be installed in either
of the two variable-temperature chambers illustrated in Figs. 2 and 3.
To inject carriers, a tungsten light source, lens; and chopper system was
used in the steady-state minority-carrier lifetime measurements. The
tungsten source and chopper could be replaced with a Xenon strobe lamp,
600-keV flash X-ray, or linear accelerator for photodecay measurements..
When the injection source had to be filtered to remove nonpenetrating
light, water, gallium arsenide, and silicon filters were used. In both
chambers the silicon filter was mounted on the sample block so that it
was always at the sample temperature. Thermocouples and resistance
heaters were included to permit monitoring and adjusting of the temperature.
The chamber in Fig. 3 £it between the pole pieces of an electromagnet and

was used to make Hall effect measurements.

L b  MINORITY-CARRIER LIFETIME RECOMBINATION THEORY

The theory of recombination of excess carriers has been treated by

(8-10)

others, and the relation between theory and experimentally measured

(1,2,11,12)

quantities has been reported earlier. The conclusions can be

summarized as follows.
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Fig. 1 Preirradiation electrical conductivity and
carrier density of lithium~diffused floatw
zone silicon
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Fig. 3 Variable-temperature (50° to 500°K) cryostat used to make
electrical and optical measurements '
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The Shockley-Read theory for a single-level defect assumes that the
number of recombination centers is small relative to the excess-carrier
density. This assumption implies that the excess electrons and holes
have equal densities and 1lifetimes. The expression for the lifetime in

this case is
. (n0+nl+An>+,r PO+P1+AP> (3)
- 2
Po \Bg ™ Py *AR By \Bp ¥ Po TAR

where Ny and po are the thermal equilibrium electron and hole concen-

trations, n

1 and pl are the electron and hole concentrations calculated

when the Fermi level is assumed to lie at the recombination center level,

An = Ap 1s the excess=-carrier concentration, is the lifetime for

Tno

electrons in highly p-type materisl, and 7T is the lifetime for holes in

Po
highly n~type material. In n-type material (for p-type, n's and p's are
interchanged), where 0y >> po, dividing by o gives
n b
n2) o ()
_ o 0 o \"o o\ Po 0 (%)
L+ An
o)
or
An
T = I 0 (5)
1+ 88
2o

where T, (low~injection~level lifetime) and T (high-injection-level

lifetime) are the corresponding terms in the equations.

Our measurements were largely confined to low-injection-level mesz-
surements (An/no < 1%) in n-type material. The low-injection-level life-
time, T

4 D

=1 (1+ nl/no) +T (p1/ny), mey be simplified in this limit
for two special cases. 0

Case 1l: When the recombination level (ET) is closer to a band edge

than the Fermi level (EF), either

22



nl > n, > Py or Py > n,>n; o,
and
T~ TPO (1 + nl/no) or T =~ Tno (Pl/no) s
where

[a]
|

1 = N, exp(ET - EC)/kT 5

]

p, = Ny, exp(EV - ET)/kT 5

where NC and NV are the conduction and valence band carrier densities.

Forcing the Fermi level below the recombination level contributes an

exponential factor to the lifetime temperature dependence,

Case 2¢ When the Fermi energy is well above the recombination center
level,
>
n, >> n, > Py o
T=T
po e

The temperature dependence of v is found in terms containing 7

J
o 2 Bys Pys and nye The term n, is known, however, and can be extrgcted
frdm the data. The temperature dependences of T

and T are exhibited
through the thermal velocity, Vth’ of the carrierg and thg capture cross

T

section, g, where

1
T = s
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and

1
T = em——— 9
By NpVern

and where NR is the concentration of recombination centers.

Theoretical work on the temperature dependence of the cross section
for neutral and attractive recombinatiun centers has been performed by

Leadon(lg)

and Lax.(lB) A brief summary of Lax's theory is given in Ref.
1k, Pigure 4 gives the temperature dependence for the cross sections of

the singly charged attractive center and the neutral center.

4.5 MINORITY-CARRIER LIFETIME MEASUREMENTS

The experimental study of the effects of radiation and annealing on
the minority-carrier lifetime of lithium-diffused silicon was undertaken
because minority-carrier lifetime is directly related to solar cell out-
puts. In this and previous programs,(l’g) material parameters and
experimental conditions were varied in an effort to obtain enough infor-
mation to permit prediction of solar cell response for a variety of cell
parameters and enviromments. Solar cells may be fabricated from oxygen-

rich (quartz-crucible) or oxygen-lean (float-zone or ILopex) silicon.

The lithium donor density of a cell is spatially variable, and the
temperature at which a cell operates depends on its mission or environ-
ment. The cell enviromment also determines the nature of the degrading
radiation. Hence, we have attempted to determine the nature of the
degradation and annealing characteristics of minority-carrier lifetime
in bulk lithium-diffused silicon as a function of (a) oxygen content,

(b) lithium donor density, (¢) irradiation temperature, and (d) fluence.

During this contract period, the bulk of the experimental investiga-
tion was devoted to the study of high-energy electron and neutrm damage
in relatively low-lithium-density, oxygen-rich (quartz-crucible ) and
oxygen-lean (float—zone) bulk silicon. During previous investigations,
reported in detail elsewhere,(l’g)
(QC) and high- and low-lithium-density float-zone (FZ) silicon were in-

high-1ithium~density quartz=crucible

vestigated. This section is organized as follows. First, our earlier
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results on high- and low-density lithium-diffused electron-irradiated
FZ silicon are summarized. Then prior results on high-lithium-density
oxygen-rich material are reviewed. Finally, the results an lithium-lean

oxygen-rich electron-irradiated silicon are presented.

After presenting the results of electron-irradiated silicon, we
review prior measurements on neutron-irradiated silicon, and current

results are presented.

4.5.1 30-MeV Blectron Irradiations in Heavily Diffused FZ Silicon*

Several samples of 10u-ohm-cm high-purity float-zone silicon were
Yithium~diffused to lithium donor densities ranging from 1.5 to ~5 x
1016/cc. Donor densities were determined by resistivity and Hall effect
measurements. Experimental results on samples diffused by the NASA God-
dard Space Flight Center and samples diffused by Gulf Rad Tech were in
agreement. These samples all had preirradistion room-temperature
minority-carrier lifetimes of less than 5 psec; hence, only room-
temperature lifetime degradation rates were measured. At these high
donor densities, the Fermi level can only be swept from about (Ec - 0.03)
eV at T7°K to about (Ec - 0.2) eV near 400°K. An average minority-
carrier lifetime degradation rate of 1.1 £ 0.2 x 107 Cm?/e—sec was observed
at room temperature for 30-MeV electron irradiations. This degradation
rate is approximately twice that observed for phosphorus-doped silicom
of equivalent donor density.** A stuly of the temperature dependence of
minority—carrier lifetime indicated that the preirradiation lifetime was
due to attractive centers more than 0.17 eV from a band edge and that
the radiation-induced recombination center was probably neutral, located

more than 0.17 eV from a band edge.

The results of isothermal and S5-minute isochronal ameals indicated
the annealing kinetics were first-order, with the annealing stage cen-

tered near 320°K. An activation energy of E = 0.85 + 10 eV and a fre-
quency factor of Vo a;loll sec_l

fluences up to about 1013 e/cmg, the thermal anneal of minority-carrier

were deduced from these data. For

lifetime was essentially complete.

*Results reported in detail in Ref. 1.
**Refer to Fig. 12.
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L.5.2 30-MeV Electron Irradiations in Lightly Diffused FZ Silicon*

Several minority-~carrier lifetime samples were fabricated from 10h-
ohm-cm FZ silicon which had been lithium-diffused by either the lithium-
0il paint-on or lithium-tin bath technique to 1ithium donor densities of
from 3 to 5 x lOlu/cc. Initial minority-carrier lifetime degradation
rates at room temperature were found to be (K = 6 £ 2 x 10-8 cmz/e-sec),
the same as for silicon of comparable donor density which contained no
lithiwm. ™ A study of the minority-carrier lifetime temperature depen-
dence provided evidence of two recombination centers, with one center
(which could be either neutral or attractive) located asbout 0.17 eV
below the conduction band and a second attractive center further than
0.35 eV from either band edge. These two centers were present before as
well as after irradiation. At low temperatures, data on these samples
might be still better described by assuming a third recombination center
within 0.10 eV of the conduction band, where other iunvestigators have re-

orted centers.(ls)

However, the initial minority-carrier lifetime near
room temperature is almost entirely controlled by the deep centers, and
the room-temperature degradation rate primarily reflects the production
of radiation-induced deep centers. Isothermal anneals at temperatures
in the 360° to 4OO°K range indicated first-order annealing kinetics with
an activation energy of E = 0.75 £ 0.10 eV and a frequency factor of

v z1106 sec_l.

Measuring the minority-carrier lifetime temperature dependence be-
fore and after irradiation with 30-MeV electrons and before and after
various anmneals indicated that the rapid first-order anneal is primarily
due to the disappearance of the deep center. Typical results are shown
in Figs. 5 and 6. The centers in the vieinity of (Ec - 0.17) eV were
essentially unaffected by a one-hour anneal at 390°K, but were observed
to decrease in number when the sample was stored near room temperature

for a period of days (10 to 30 days).

Under heavy irradiation (8 2 4 x 10%3 e/cmg), trapping centers were
observed after anneal which were unaffected by further anneals of up to
66 hours at 430°K.

*Reported in detail in Ref. 2.
**Refer to Fig. 12,
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The minority-carrier lifetime degradation rate was measured at
temperatures between 115° and 300°K. The results of these measurements
are shown in Fig. 7. The uncertainty is relatively high because the
degradation rate varies by 30 to 50% from sample to sample and, for any
given sample, depends on its previous irradiation and anneal history.
Nevertheless, no irradiation temperature dependence of the recombination
center introduction rate was noted, as evidenced by the absence of any
anneal below room temperature. The degradation rate measured at about
115°K was close to ten times as great as that measured at 300°K. This
difference is attributed to the temperature dependence of the recombina-

tion center's capture cross section,(12’13)

and implies that solar cells
operated at temperatures below room temperature would degrade more rapidly

than similar cells run at room temperature.

4.5.3 30-MeV Electron Irradiations in Heavily Diffused QC Silicon*

The primary differences between Czochralski-grown quartz-crucible (qc)
and vacuun-float-zone (FZ) silicon is that QC silicon has an oxygen concen-
tration one to two orders of magnitude higher than ¥7Z silicon (o(Fz) <
1016/cc, o(qe) 2 1017/00), while the dislocation density is much greater
in 2 than in QC silicon.

Minority-carrier lifetime studies were performed on samples of 50-
ohm-cm phosphorus-doped silicon which was lithium-diffused by Centralab
Semiconductor Products to a lithium donor density of about 1 x 1016/cc.
Diffusion was by the paint-on technique. Preirradiation room-temperature
minority-carrier lifetimes were approximately 6 usec, dropping to about 1
Lsec near 100°K. These lifetimes were too short to effectively measure
degradation rates at reduced temperatures. The room-temperature minority-
carrier lifetime degradation constant was the same as for heavily diffused
FZ silicon or is independent of oxygen content (X = 1.1 + 0.2 x 10"7 cm2/
e-sec). This is twice as high as phosphorus-doped silicon of comparable
donor density. The tempersture dependence of the preirradiation minority-
carrier lifetime was best described by a single attractive center, located’

more than 0.17 eV from either band edge. The high initial donor density

*Described in detail in Ref. 1.
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prevented moving the Fermi level below about (Ec - 0.2) eV. Injection
level dependence measurements tended to support the single-level assign-
ment, both before and after irradiation with 30-MeV electrons. Comparing
pre- and postirradiation minority-carrier lifetime temperature dependences
suggested (with reservations imposed by experimental uncertainties) a neu-
tral radiation-induced center more than 0.17 eV from a band edge. Iso-
thermal anneals indicated first-order annealing kinetics. Five-minute
isochronal anneals showed an annealing stage centered near 365°K.

MAnalysis of these anneals resulted in activation energy estimates of

E =0.75 % 0.10 eV and effective frequency factors of about 108 sec-l.

For fluences up to about lO13 e/cmg, complete recovery of minority-carrier

lifetime was observed at all temperatures from 100° to LOO°K.

4.5.4 30-MeV Electron Irradiations in Lightly Diffused QC Silicon

During this contract period, the bulk of the minority-carrier life-
time studies have been performed on 30-MeV electron-irradiated 1ithium-
diffused high-purity QC silicon. A 60-ohm-cm silicon boule was purchased

from Wacker Chemical Company.

Figure 8 shows the minority-carrier-lifetime temperature dependence
of the starting material. Assuming a capture cross section as given by
La.x,(13)
hox lOlO/cc attractive centers farther than 0.4 eV from a band edge.

Two-millimeter-thick slices of silicon were lithium-diffused by the

this temperature dependence indicates recombination due to about

lithium-0il paint-on technique and redistributed to a uniform donor den-
gity of about 2 x 1015/00, as determined by resistivity and Hall effect

measurements. The resistivity of these samples was about 2 ohm-cm.

That the 60-ohm-cm material actually contained oxygen was verified
by infrared absorption measurements of the 9-um absorption band due to
OXygen. Only a small 9-um lattice band was observed in the 104— and

O.4-ochm-cm FZ silicon previously used in lifetime and ESR measurements.

Figure 9 shows a family of curves of minority-carrier lifetime for
tle 2-om-cm 1ithium-diffused QC silicon wversus temperature, including
preirradiation, postirradiation, and postirradiation-postanneal measure-

ments. These lifetime temperature dependences can be attributed to
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recombinatim through attractive centers more than 0.3 eV from a band

edge. If the capture cross sections of Lax are used, the preirradiation
lifetime indicates about 6 x lOlo centers/cc, rising to about 5 x lOll
centers/cc after irradiation to a fluence of 2.6 x lO12 e/cm2 and drop-
ping to about 1.2 x lOll/cc after a 25-minute anneal at 385°K. For the
sample shown in Fig. 9, the room-temperature minority-carrier lifetime
degradation constant was found to be K = 3.9 + 0.3 x 10"8 cm?/e—sec.

The average 300°K degradation constant for QC lithium~diffused silicon

(n(1i) = 2 x 1015/cc)was K=54 1x lO_8 cm2/e—sec.

Figures 10 and 11 are plots of inverse lifetime versus fluence for

other 2-ohm-cm samples, showing 300°K lifetime degradation and anneal.

Figure 12 sumearizes the degradation constant results for both
oxygen-rich (QC) and oxygen-lean (FZ) 1ithium-diffused silicon exposed
fo 30-MeV electrms at 300°K. The degradation constant is seen to depend
on the lithium donor density, but seems to be independent of oxygen con-
centration. Also shown in Fig. 12 is a theoretical prediction,(17) and
some experimental results for phosphorus-doped silicon which contained

no lithium.

Figure 13 shows the minority-carrier lifetime temperature dependence
before and after irradiation at 112°K. Also shown is the lifetime tem-
perature dependence after a 30-minute, 390°K anneal. Again, the life-
time temperature dependence can be attributed to attractive deep recom-
bination centers. From these measurements, a defect center introduction
rate of 0.15 cm-l is estimated, if Lax's cross section is assumed, for
irradiations with 30-MeV electrons at all temperatures between 100° and
300°K. For these samples, the measured degradation constant as a func-
ton of temperature is compared with lithium-diffused FZ silicon of
comparable donor density in Fig. 7. To determine the amnealing behavior
of these samples, both isochronal and isothermal anneals were performed

after room-temperature irradiation.

Figure 1L shows the unannealed fraction of annealable recombination
centers versus amneal time for isothermal anneals at several temperatures

between 385° and 411°K. The annealing results of three separate 2-ohm-cm
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Fig. 11 Inverse minority-carrier lifetime versus 30-MeV
electron fluence for lithium-diffused n-type QC
silicon irradiated at 300°K
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Fig. 13 Temperature dependence of minority-carrier lifetime for a
2-ohm-cm oxygen-containing lithium~-diffused silicon sample,
before and after irradiation with 2.7 x 1012 e/cm2 30-MeV
electrons at 112°K, and after a 30-minute amneal at 390°K
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UNANNEALED FRACTION OF ANNEALABLE DEFECTS
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Fig. 14 Unamealed fraction of annealable recombination centers versus
annealing time after 30-MeV electron irradiation of lithium-
diffused n-type QC silicon irradiated at 300°K
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lithium-diffused QC samples are shown. In these plots, the defect den-
sity is taken to be inversely proportional to the minority-carrier life-

time, so the unannealed fraction of annealable defects is

l/Tt - l/'rf

T ol
l'ro l'rf

where is the lifetime at time t,

T
t
o is the lifetime before amnealing, and

Te is the lifetime when annealing has ceased.

For isothermal anneals; the lifetime is measured at the anneal
temperature. Within the experimental uncertainty, the unannealed frac-
tion of annealable defects is found to satisfy the relationship N(t) =
No exp[-R(T)t] so that the anneal is first-order(lB) (i.e., dN/dt =
-RN). 'The rate constant R(T) = Ve exp[-E/kT] is temperature-dependent.
Analysis of the isothermal anneal data ylelds the activation energy, E,
of the process. The isothermal data shown in Fig. 14 yielded an acti-
vation energy of E = 0,90 + 0.20 eV. The relatively large uncertainty
of the activation energy could result from an uncertainty of only
+3°K in the isothermal annealing temperature. The effective frequency

factor, Vo Vas calculated to be between lO8 and 10lo sec-l.

Figure 15 shows the unannealed fraction of amealable defects
after 5-minute isochronal anneals at the indicated temperatures. For
these measurements, the minority carrier is measured at 300°K before
and after the 5-minute isochronal anneals at elevated temperatures, and

the unannealed fraction is given by

l/'rT - l/Tf
£@) = e
0 £
where T is the lifetime at 300°K immediately after annealing at tem-
perature T. The results of five isochronal anneals on four different
samples are shown in Fig. 15. It is clear that 90% of the amealing
occurs within 20° to either side of 375°K. Linearity of the isothermal

anneal data of Fig. 14 and the narrow annealing range of Fig. 15 indicate
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the anneal is a first-order annealing process with a single activation
energy. Analysis of isochronal data indicates an activation energy of
about 1.0 £ 0.2 V. These results are in agreement with the annealing
activation energies reported by other experimenters(l9’20) on lithium-
diffused oxygen-containing silicon solar cells, and agree reasonably

well with the activation energy for motion of lithium in QC silicon.(gl) A
single annealing stage centered near 365°K was previously observed in more
heavily diffused QC sil;con (p = 0.67 ohm-cm, n, a41016/cc),(1) and is

shown for comparison in Fig. 15.

It is very interesting that the minority-carrier lifetime shows no

evidence of the Si-Bl (oxygen-vacancy) center.

In low-energy electron-irradiated QC n-type silicon, investiga-

(22,23)

tors feel that the Si-Bl center complex is the main recombination

center. These same investigators have suggested, by indirect measure-
ment, that in 1-MeV electron-irradiated lithium-diffused QC silicon, the
Bl center is still the main recombination center. However, other inves-

(1,2)

tigators have shown by direct measurement that the Bl center

introduction rate is decreased by the presence of lithium. These two
results on lithium-diffused material seem to be contradictory. Electron-

(1)

Ii/ce) indicate an introduction rate of about 0.15

em ! after the high 30-MeV electron fluence of 5 x 1016 e/cm2. If sili--

spin resonance measurements on a comparable lithium~diffused quartz-

crucible sample (lO16

con Si-Bl centers were produced at that rate, their effect on the

minority-carrier lifetime should be readily apparent at temperatures
below about 200°K. Thus, the present measurements indicate that the
S5i-Bl center introduction rate in these samples at low fluences has

been reduced by the presence of l%thium or other impurities.

A possible explanation for this is that the radiation-induced mobile
vacancies, which are negatively charged in n-type silicon, are captured
by the positively charged phosphorus, Ii+, or LiO+ donors rather than by
the neutral oxygen present, and that the Si-Bl (oxygen—vacancy) is pro-
duced only when the number of mobile vacancies produced approaches or

exceeds the number of positively charged donors initially present.
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Theoretical calculations indicate that one would expect about seven

(25)

displaced atoms per incident 30-MeV electron. Since most of the
vacancies produced never escape their interstitials, one mobile vacancy
per incident 30-MeV electron is a more reascnable estimate.(25) However,
in the present measurements, the initial phosphorus donor density is
estimated to be lOlu/cc, the lithium donor density is estimated to be
2x 1012/cc, and the total fluence to which the samples were exposed was
®~1x 1013 e/cm2° Thus, the phosphorus and lithium donor density ex-
ceeded the total number of displaced atoms by at least an order of mag-
nitude. This suggests that the observed deep radiation-induced center
may be a lithium-vacancy, lithium-oxygen-vacancy, or phosphorus-vacancy.
On the other hand, in the earlier, more complete investigation of
high-purity QC silicon,(l) the dominant radiation-induced recombination
center was thought to be an acceptor level near (Ec - 0.38) eV, which
is not the Si-Bl center. Thus, our current observation that no oxygen-
vacancy defects were detected by minority-carrier lifetime measurements
in 30~MeV electron-irradiated lithium-diffused QC silicon may be due to
the nature of 30-MeV electrom-induced damage and may have little to do
with the presence or absence of lithium. Regardless of the identity of

these defects in lithium-diffused silicon, they are annealed by lithium.

One further remark would seem to be in order: In our previous
investigations on the minority-carrier lifetime in 1ithium-diffused FZ
silicon, we observed a center located near (Ec - 0.17) eV, which is
about where one expects the Si-Bl center. We cannot definitely say
this is not the Si-Bl center, nor have we otherwise ldentified this
defect; however, the fact that a defect near (Ec - 0.17) eV was observed
in lithium-diffused FZ (low-oxygen) silicon even before irradiation and
not in lithium-diffused QC (high-oxygen) silicon even after irradiation
suggests that the center near (Ec - 0.17) eV is probably not the Si-Bl

center.

L.5.5 Neutron Irradiations of Lithium-Diffused FZ Silicon

The neutron-induced degradation and thermal anneal of minority-

carrier lifetime in 3.7-ohm-cm lithium-diffused FZ sgilicon has been
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(2,26)
6

described in detail elsewhere.
dation constant of 6.k + 0.4 x 10

This investigation showed a degra-
cme/n-sec, which is nearly the same

(e1)

as for phosphorus-doped FZ silicon of equivalent resistivity. Iso-
thermal and isochronal anneals indicated a first-order annealing process
with an activation energy of E ~ 0.69 eV and an effective frequency near

Valzx 107 sec-l.

4.5.6 Neutron Irradiations of Lithium-Diffused QC Silicon

During this contract period, a sample of lithium-diffused QC sili-
con was damaged with fission neutrons. 'The bar-shaped sample was of the
same 2-ohm-cm material previously described, with a length-to-cross-
sectional-area ratio of 14.9 cm-l. The sample was mounted in a chamber
filled with helium gas, and minority-carrier lifetime was measured by
both photoconductivity decay and steady-state photoconductivity tech-
niques. The technique of monitoring lifetime as a function of fluence
by continual observation of (AV/V), where AV is the voltage change pro-
duced by chopping an illumination source and V is the dc sample voltage,

2)

has been previously explained.(

Tt was shown that the minority-carrier lifetime (1) is proportional
to AV/V,

TA‘:-_A-V_V, (6)
where
P fe- iy
A= o m (7)
0 n

is a constant for the experimental condition of 0.1% injection level,

constant temperature, and low neutron fluences. In the expression for
A, g is the generation rate of excess carriers due to illumination, oy
is the equilibrium conduction electron density, and by and yu_ are elec-

P
tron and hole mobilities, respectively.

The sample was subjected to neutron irradiation at the Gulf Rad
Tech APFA facility. The APFA was run in the steady-state mode at a
neutron flux of L4.17 x 107 n/cmz—sec and 2.08 x 107 m/cme-sec (E > 10

keV, fission). Fluences were measured by extrapolation based on sulfur
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pellet dosimetry. The preirradiation minority-carrier lifetime was 60

uwsec at the irradiation temperature of 280°K.

Figure 16 shows the preirradiation and postanneal minority-carrier
lifetime (1) versus lOOO/T. The curve drawn through the data points is
(13)

for an attractive center using the capture cross sections of ILax.

This shows complete anneal occurred after a fluence of 2.5 x 1010 n/cm2°

Figure 17 shows degradation of inverse minority-carrier lifetime
(1/T) as arfunction of neutron fluence, ®. The lifetime degradation
' constant, K, was found to be 1.6 + 0.2 x 1077 cm2/n—sec. Tdentical
degradation constants were obtained when the sample was irradiated by
fission neutrons from (a) Gulf General Atomic's TRIGA reactor and (b)
neutrons produced by a (y,n) reaction which results from irradiating a
Fansteel target with 40-MeV electrons. This degradation constant is
2 to 3 times that observed in the neutron irradiation of lithium-

(2,%)

diffused FZ silicon previously described.

After lifetime degradation, the sample was isochronally annealed
for 5-minute periods at temperatures up to 415°K. Figure 18 shows the
unannealed fraction of annealable defects measured at 280°K versus
isochronal anneal temperature. For comparison, the equivalent results
for 3.T7-ohm-em lithium-diffused FZ silicon are plotted on the same fig-
wre. Approximately 95% of the total radiation-induced recombination
centers were annealed by this isochronal annealing schedule, and the
ammealing is centered near 360°K. The sample lifetime was repeatedly
degraded, and isothermal anneals at 378°, 383°, 391°, and 403°K were
verformed. Figure 19 shows the results of two isothermal anneals as
the unamnealed fraction of annealable defects as a function of time.
The anneal at 378°K was too slow to measure in a reasonable amount of

time, and at L403°K the anneal was essentially complete in 200 seconds.

The unannealed Ffraction of amnealable defects for isochronal

annea ling has been shown(g) t0 be

_ Yty - Lt (V/AV), - (V/av),
77, - ;/Tf B (V/&v), - (V/&V), °

Loy
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Fig. 16 Minority-carrier lifetime versus 1000/T of
lithium-diffused n-type QC silicon
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Fig. 17 Degradation of inverse lifetime of 1lithium-diffused n-type
QC silicon at 280°K as a function of neutron fluence
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Fig. 18 Unannealed fraction of annealeable defects in 1lithium-
diffused FZ and QC n-type silicon, measured at 280°K,
versus lsochropal anneal temperature, after AFFA
irradiation
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Fig. 19 Isothermal anneal of lithium-diffused n-type &QC
silicon after APFA irradiation
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where the T's are the minority-carrier lifetimes previously defined and

the (V/AV) terms are the corresponding steady-state measurements.

A similar expression for the unannealed fraction of annealable
defects exists for isothermal annealing, except that temperature T is

replaced by time t, and lifetimes T by the steady-state measurements

(v/av).

ILinearity of the isothermal anneal data, when plotted as shown in
Fig. 19, would indicate the anneal is a first-order process. Unfor-
tunately, the 383°K anneal shows considerable nonlinearity during the
first 1000 seconds. In addition, isochronal amnealing occurred over a
100° range of 300° to 400°K (see Fig. 18), in contrast to the sharply
defined annealing stage obtained on neutron-irradiated 1lithium-diffused
FZ silicon. Thus, there is some uncertainty whether or not these anneal-
ing data actually represent a single first-order annealing stage. If,
for lack of positive contradictory evidence, one assumes these data do
repregent a single first-order amneal of neutron-induced damage, anal-
ysis of the isochronal and isothermal data of Figs. 18 and 19 give an
activation energy of E = 1.2 + 0.6 eV. The uncertainty of this energy
is so large that a determination of an effective frequency would be

\
meaningless.

The minority*cafrier lifetime temperature dependence before and
after neutron irradiation is shown in Fig. 20. To obtain data on low-
injection~level minority-carrier lifetimes of less than 10 usec, photo-
conductivity decay times were measured. A 600-keV flash X-ray which
has a 120-nsec width was used as an injection source. Since neutron
irradiations produce damage clusters, it may not be legitimate to use the

(12)

the solid lines drawn through the data of Fig. 20 represent lax's predic-

recombination cross section theory of Iax(B) or Leadon. However,
tions for an attractive recombinatlon center. It is apparent that the
temperature dependence of minority-carrier lifetime of neutron~irradiated
lithium-diffused QC silicon is indistinguishable from the temperature
(13)

dependence of attractive centers.
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Fig. 20 Minority-carrier lifetime temperature dependence of a 2-ohm-cm
lithium-diffused QC silicon sample before and after neutron
irradiation of about 1 x 100 n/em? (E > 10 keV)
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4,6 CONCLUSIONS

4,6.1 30-MeV Electron Irradiation

The minority=-carrier lifetime of 30-MeV electron-irradiated, FZ and
QC lithium-diffused n-type silicon was studied. The lifetime temperature
dependence, degradation rate, and annealing characteristics were measured.
Both lightly diffused (noss 2.0 x 1077 cm‘3) and heavily diffused (no >
1.0 x lOl ) samples were investigated. From these studies, the following

conclusions can be drawn.

1. The initial preirradiation lifetime of lightly diffused FZ
silicon is due to at least two centers. Its temperature
dependence indicates one center of unknown charge near (Ec -
0.17) eV, and an attractive center deeper than 0.35 eV from
either band edge. The shallow center is not the Si-Bl center
because, in lightly diffused QC silicon, preirradiation life-
time measurements indicate attractive recombination centers
further than 0.3 eV from a band edge, and no center near
(Ec - 0.17) eV. Because the initial conduction electron con-
centration in the heavily diffused silicon was so high, the
minority-carrier lifetime temperature dependence could not dis=-
tinguish between the two centers if both were present. Our
measurements on heavily diffused FZ and QC silicon indicate

attractive centers deeper than (Ec - 0.17) eV.

2. At least two kinds of recombination centers are introduced
in lightly diffused FZ silicon by the 30-MeV electron irradia-
tion: one deeper than about 0.35 eV, which controls recombina-
tion above 150O to QOOOK, and one near (Ec - 0.17) eV, which is
dominant below 150O to EOOOK. In QC silicon, all radiation-
induced recombination centers seem to be more than 0.3 eV from
a band edge. The recombination centers in heavily diffused

silicon are not well located but are deeper than (Ec - 0.17) eV,
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The room-temperature minority-carrier lifetime degradation
constant for heavily diffused #Z and QC silicon was approximately
twice that for lightly diffused or nondiffused silicon. The
increased degradation constant of heavily lithium-diffused
gsilicon compared with that of non-lithium-diffused silicon is
interpreted to indicate that the presence of lithium is effec-
tive in the production of recombination centers in lithium-
diffused silicon. These recombination centers either contain

lithium or are affected in their production by lithium.

In lightly diffused FZ and QC silicon, the minority-carrier
lifetime at and above room temperature is controlled by recom-
bination through centers further than about 0.3 eV from either
band edge. These centers show first-order thermal annealing
near 380 iEOOK, with activation energies of 0.8 +0.1 eV for

FZ and 1.1 +0.2 eV for QC silicon. Effective frequency factors

scale with lithium concentration.

In lightly diffused FZ gilicon, the radiation~-induced center at
(EC - 0.17) eV which is dominant at low temperatures was not
appreciably annealed in 1 hour at 39OOK but appears to anneal,

at least partially, over long periods at room temperature.

The annealing of the recombination centers in lightly irradiated,
heavily diffused FZ and QC silicon is apparently complete. How-
ever, after extended fluences, the annealing of the recombination
centers is not complete; not all the recombination centers are
annealed. Trapping centers also are created, and these are not
reduced by thermal annealing below 430°K. This may reflect a
depletion of lithium which is able to neutralize a recombination

or trapping center.

In general, it appears that in electron-irradiated, lithium-
diffused, FZ and QC silicon, both lithium-dependaent and non-
lithium-dependent recombination centers are produced. The

number of each depends on the lithium concentration, with the

largest number of lithium-dependent centers being found in
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highly diffused silicon and the largest number of non-lithium-

dependent centers being found in lightly diffused silicon.

8. No irradiation temperature dependence of the recombination cen-
ter introduction rate for 30-MeV electrons in the 1150 to
3OOOK temperature range was observed. However, the minority-
carrier lifetime degradation constant for lithium-diffused
samples irradiated and méasured at 3OOOK is five to ten times
smaller than that for samples irradiated and measured at ll5oK.
This may be attributed to the temperature dependence of the

recombination center capture cross section.

9. Isochreonal and isothermal annealing results on both FZ and QC
lithium~diffused electron-irradiated silicon indicate that the
anneal is a single-stage first-order anneal. Activation energies
0.8 + 0.1 eV for FZ samples and 1.1+ 0.2 eV for QC samples
were observed, which agree with the activation energies of 4if-
fusion of lithium in FZ and QC silicon,(El) respectively.

7 to lOll sec_l, in-

Effective frequency factors ranged from 10
creasing with increasing lithium donor density. These facts
strongly suggest that the thermal annealing of radiation defects
in lithium-diffused silicon is due to the migration of lithium

to the defect center.

L,6.2 Fission Neutron Irradiations

A number of observations can be made concerning the results of
minority-carrier lifetime studies in fission-neutron-irradiated lithium~
diffused silicon. First, the lifetime degradation constant for L4-ohm-cm
FZ siligon is nearly the same as for silicon containing no lithium (K a
6 x 10~

dence for neutron damage. The degradation constant for oxygen=-rich QC

cm?/n—sec), which is consistent with the lack of impurity depen-

silicon, however, is more than twice as great, suggesting a radiation-
induced recombination center which contains or whose creation depends
upon oxygen. Second, more than 90% of the neutron damage was annealed
at temperatures between 300O and 3800Ka From Stein's data, one would

expect less than 10% recovery for non-lithium-diffused n-type silicon
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subjected to the same annealing schedule. This is to be contrasted with
the insignificant ilmpurity dependence of the annealing observed for
phosphorus- and arsenic-doped n-type silicon. Third, the activation
energies determined from isothermal and isochronal anneals are very close
to E = 0.66 +£0.05 eV for the energy of lithium diffusion in FZ silicon.
The annealing results for QC silicon are more uncertain, but indicate an
energy of Ea 1.2 +0.6 eV. The activation energy for lithium-oxygen
dissociation and lithium diffusion is thought to be about 1.07 + 0.05 eV,
This strongly suggests that the anneal depends on the diffusion of lithium
to the neutron-produced recombination centers in both FZ and QC silicon.
Finally, the effective frequency factor of p k,lO7 sec-l for annealing in

FZ silicon suggests long-range migration.
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5. STUDY OF SPECIFIC RADIATTON-INDUCED DEFECTS

5.1 ELECTRON-SPIN RESONANCE

5.1.1 Introduction

Electron spin resonance (ESR) has been an important technique in the
study of radiation effects in silicon, since ESR is one of the few tech-
niques 28)
the defects. At Gulf Rad Tech, ESR has been successfully used in several

(6,14,29-31)

programs investigating the production, annealing, and proper-

which provides information about the microscopic structure of

ties of various damage centers, including the Si-Bl, Si-G6, Si-G7, and
Si-G8 centers. In addition, ESR has been used to stuly the effect of
lithium on specific radiation-induced centers. A thorough investigation
of the effect of 1lithium on the Bl (oxygen-vacancy) center was completed

(1)

many investigators feel that the Bl center is the predominant recombina-

under an earlier contract. This study was of particular value since
tion center in silicon irradiated with 1-MeV electrons. The results of

this study, which are reviewed below, provided invaluable insight into the
interaction of lithium with radiatidn—produced entities, including impurity-

related defects.

An attempt to study the phosphorus-vacancy (Si—G?) center in lithium-

diffused silicon by ESR techniques is also reviewed below.

During the present contract period, the ESR techniqgue was used to
gain more fundamental information of the effects of lithium on the produc-

tion and annealing of the vacancy-phosphorus (Si—G8) center.

The 9.2-GHz superheterodyne ESR spectrometer used in the measurements

has been previously described.(e) A1l measurements were made at 20°K.

5.1.1.1 Summary of the Oxygen-Vacancy (8i-Bl) Center Investigation. An

investigation of the effect of lithium on the Si-Bl (vacancy—oxygen) center

was completed under an earlier contract(l) and is summarized in the first

five lines of Table 1.
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The Si-Bl introduction rate for non-lithium-diffused gquartz-crucible
(QC) silicon is about 0.15 cm_l, so comparison with Table 1 indicates that
the Si-Bl introduction rate in lithium-diffused silicon is inversely
proportional to the lithium donor density. A similar impurity dependence

(32)

was observed by Watkins in phosphorus-doped silicon. This indicates

a competition for the radiation-induced vacancy between the oxygen and

the lithium donor. The Si-Bl center density in high-lithium~concentration
samples anneals near 320°K (see Table 1), while the Si-Bl center anneals
in silicon without lithium near 550°K.(32) Thus, the effect of adding
lithium to the QC material is to lower the Si-Bl introduction rate and to

reduce its annealing temperature.

5.1.1.2 Summary of the Divacancy (Si-G7) Investigation. The divacancy is

an important damage center to study, since it is thought to be one of the
recombination centers present in silicon after high-energy electron and
neutron irradiation. This center is believed to have three eiectrical
levels within the forbidden gap. These levels are located at 0.17 amd O.k4
eV below the conduction band and at 0.25 eV above the valence band. If the
Fermi level is (1) above 0.17 eV, the divacancy is in a double negative
charge state and nonparamagnetic; (2) between 0.17 and 0.4 eV, the divacancy
is in a single negative charge state and paramagnetic; and (3) below 0.k

(28,33)

eV, the divacancy is neutral and nonparamagnetic.

An investigation of the effect of lithium on the Si-G7 (divacancy)

(2)

this work showed that for room-tempersture (300°K) irradiations, diva=-

was made and is summarized in lines 6 and 7 of Table 1. The results of
cancy production is reduced by the presence of lithium. The overall
effect of 1ithium is to decrease the number of divacancies present after
a 300°K irradiation. The lithium either lowers the introduction rate of
divacancies or anneals the divacancies once they are formed. Earlier
work(l) has shown that both of these mechanisms are present in Bl center

production and annealing.

The ESR measurements of the divacancy were performed after irradia-
tions below 150°K. Iow irradiation temperatures were used to prevent
thermal annealing of the divacancy by lithium motion before ESR measure-

ments could be performed. These experiments were inconclusive because

°9



no resonances were observed. It was concluded that this failure was

due to either (1) a lower divacancy introduction rate in lithium-
diffused silicon or (2) the presence of divacancies in a nonparamag-
netic charge state. Infrared absorption measurements, described in
Section 5.2, lead us to believe that divacancies are produced at close o
the normal rate by 30-MeV electron irradiation at or below 150°K, but that
these divacancies interact with lithium at or below 300°K to produce a

different center.

5.1.1.3 Summary of Prior Vacancy-Phosphorus (8i-G8) Work. The vacancy-

vhosphorus is a recombination center which is thought to consist of one
e lectrical level about O.4t eV below the conduction band. If the Fermi
level is above this level, the Si-G8 center is in a single negative charge
state and is nonparamagnetic; however, if the Fermi level is below 0.k eV,
the center is in a neutral charge state and is paramagnetic. Thus, the
Si-G8 center is better suited than the divacancy to study by ESR because
it is paramagnetic over a much wider fluence range. The principal values
in the diagonalized Si-G8 g-tensor are gy = 2.0005, g, = 2.0112, and g3 =
2.0096, with & = 32° from the [011] axis in the (011) plane.(28)

An investigation of the effects of 1ithium in the production and
annealing of the Si-G8 (vacancy-phosphorus) was begun last year(2) and
was completed during this year. This previous work 1s also summarized

in the last line of Table 1.

On reexamination of the data taken last year, we concluded that the
observed resonance in the phosphorus-doped material irradiated at T <150°K
could not be positively identified due to a low signal-to-noise ratio and
the broad resonance spectrum. Thus, it was declded to attempt to posi-

tively identify the observed centers.

5.1.2 Samples

Samples for the Si-G8 ESR studies were produced by the diffusion of
lithium in float-zone (FZ) n-type silicon. The lithium paint-on technique
was used to diffuse lithium into the samples. Samples prepared ranged in
resistivity from 0.16 to 0.30 ohm-cm, which corresponds to room-temperature

carrier concentrations from 4.7 to 2 x 1016 carriers/cm3.
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The samples used during this work are descrilbed in Table 2. Irra-
diation was performed with 30-MeV electrons from the Gulf Rad Tech Iinac
facility. A1l the ESR samples had volumes of about 0.023 cm3 and were
oriented (using light reflection patterns from an etched crystal face)
along the <111> and <110> crystal axes.

A large resonance signal (g = 1.999, line width at half maximum of
1.9 gauss, concentration on the order of 1016 centers/cms) was observed
only in the nonirradiated, lithium-diffused material. This resonance,
generally believed to be due to IiO+, has the same g value and about the
same strength as the marker that is used to calibrate the number of spins

in the ESR samples.

The resonance completely disappears after irradiation, and was not

s R .

observed to return at any time during thermal anneals. Both the ILiO
resonance and its decrease in irradiation were observed in our previous

(1)

the magnitude of the phosphorus donor resonance after lithium diffusion.

study of the oxygen-vacancy (Si-Bl) center. There was no change in

5.1.3 Results of ESR Measurements

Semples 14, 17, 18, 19, and 20, shown in Table 2, were irradiated to
the 30-MeV electron fluences at 150°K. All clearly gave an ESR spectrum
characteristic of the Si-G8 (vacanqy—phosphorus or E) center seen by

. (3k4)
Watking.

obgerved. These lines were not strong enough to identify, but they have
been seen before in non-lithium-diffused vacuum FZ phosphorus-doped

In addition to the Si-G8 center, a few weak lines were also

materia13(35) hence, they are not due to the presence of lithium.

These five samples yielded introduction rates for the Si-G8 center
of from 0.1 to 0.2 cmnl, which is comparable to the introduction rates
previously reported for non-lithium-diffused material irradiated by 30-
MeV electrons at 77°K.(l) The average carrier removel rate was about

0.2 cm_l.

The conclusion that can be drawn from these data is that the addi-
tion of up to three times the amount of lithium as phosphorus concentra-
tion does not significantly affect the Si-G8 center introduction rate,

nor does it introduce new lithium-dependent resonances.
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Figure 21 shows the resistivity, measured by four-probe technique,
versus isothermal ammeal time at 295°K for the samples listed in Table 2.
Independent measurements indicate a il2% uncertainty in these measure-
ments. Except for sample 19, which shows an initial resistivity increase,
the resistivity at 295 °K remained relatively constant for about 4 hours,
and then appeared to increase, indicating a loss of carriers. ESR data
on sample 14 indicate that the Si-G8 center concentration is the same
after one day at room temperature as it is after about three minutes at
295 °K.

Figures 22 and 23 indicate the results of 15-minute isochronal an-
neals at elevated temperatures up to 673°K. Figure 22 indicates the
change in room-temperature resistivity, which is inversely proportional
t carrier concentration, and Fig. 23 shows the change in concentration
of paramagnetic centers. Figure 22 indicates a decreasing carrier con-
centration after 15-minute anneals up to about 373°K, followed by an

increase after 15-minute anneals above 373°K.

The rapid increase in carrier concentration between 573° and 673°K
in the 1:1, Ii:P (sample 18) material, as opposed to the 3:1, Li:P
(sample 201) material, might be due to the annealing of a lithium-related
defect located below the Si-G8 (phosphorus-vacancy) level at O.4 eV. In
non-l1ithium-diffused silicon, the Si-G8 center anneals between 425° and

473°K; however, as indicated in Fig. 23, a large number of unidentified
paramagnetic centers are still present after 15-minute anneals of from

473° to 673°K. Unfortunately, the resonance signal produced by these
centers doces not have enough structure to allow identification with our

9.2-GHz spectrometer.

In Fig. 22, the decreasing carrier concentration between 300° and
373°K could be due to the creation of acceptors below (Ec - 0.k4) ev.
Such s decrease was previously observed in QC material during a Si-Bl

1)

673°K is due to the annealing of the Si-G8 and perhaps other deeper cen-

. . . . (o]
center study,( The increase in carrier concentration between 373" and

ters. Since an absolute measure of the number of paramasgnetic defects
observed by ESR techniques is difficult, the defect densities in Fig. 23

were normalized to the number of phosphorus atoms initially present in the
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Fig. 22 Resistivity after 15-minute isochronal anneals for 1ithium-
diffused electron-irradiated silicon
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Fig. 23 Density of paramagnetic centers after 15-minute isochronal
anneals for lithiuwn-diffused, phosphorus-doped, electron-
irradiated silicon

66



sample (as determined by four-probe resistivity measurements). This
assumes that Si1-G8 center production was in saturation at fluences of

2x lO17 e cm2.

Since the Si-G8 anneals in the region of 425° to 475°K in non-

(36)

addition of the sbove concentrations of lithium does not have a significant

lithium-diffused material, examination of Fig. 23 reveals that the

effect on the annealing behavior of the Si-G8 center.

5.1.4 Conclusions
Several conclusions can be drawn from the data.

1. Since the same number of phosphorus donors was observed before
and after lithium diffusion, it appears that the phosphorus does not
pair with the 1lithium. The absence of a lithium-phosphorus complex
leaves the phosphorus free to combine with the radiation-produced vacancy
to produce the Si-G8 center.

2. At the high fluences required to observe the Si-G8 center, the
introduction rate is the same in silicon with lithium donor densities as
high as 3.6 x 1016/cc as i1t is in silicon with no lithium. Thus, either
the radiation-produced mobile vacancy is preferentially attracted to the
phosphorus rather than to the lithium or all the lithium has been used up
at these high fluences to produce radiation-induced complexes which do
not compete with the phosphorus. The former supposition implies that
phosphorus has a larger cross section for the vacancy than does lithium.
This is in contrast with the earlier work on the Si~Bl and Si-G7 centers
where, for 300°K irradiations, the effect of adding lithium is to decrease

the introduction rates of these centers.

3. For these heavily irradiated samples, the Si-G8 center anneals
between 425° and 475°K, in spite of the lithium present. As with the
introduction rate, this can imply either (1) that lithium has no effect on
the annealing of the Si-G8 center, or (2) that all the lithium initially
present was used up by other radiation defects and, hence, not available

to interact with the phosphorus vacancy.
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5.2 INFRARED ABSORPTION STUDIES

As described in Section 5.1.1.2, BESR was used to search for the
divacancy in lithium-diffused silicon. No resonance was observed. It
was concluded that the reason for this failure was either a lower diva-
cancy introduction rate in lithium-diffused silicon or the presence of
divacancies in a nonparamagnetic charge state. To resolve this uncer-

tainty, an infrared absorption study was carried out.

The infrared absorption measurements were performed using a Perkin-
Elmer model 112 double-pass prism spectrometer. This instrument is
equipped with various light sources (a tungsten lamp and a Globar),
prisms (glass, fused quartz, NaCl, and CsBr), and detectors (photocon-
ductive cells and thnermocouples) that allow it to cover the wavelength
region from ultraviolet to about 30 ym. The spectrometer has been modi-
fied so that the monochromatic beam can be extracted and the sample

positioned in either the monochromatic beam or the white light.

Infrared absorption is less sensitive than ESR, requiring approxi-

mately 1016 defects/cm3 for bands to be observed. However, this tech-

(37)

nigue has the advantage that the divacancy bands are observed
regardless of the divacancy charge state. The sample was placed in the
white light beam of the Perkin-BElmer spectrometer and observed using

fused quartz and NaCl prisms in the wavelength region from 1 to 4 pm.

Infrared absorption bands at 1.8, 3.3, and 3.9 ym have been corre-

(37)

lated with the divacancy. The bands which are seen depend on the

(38)

Fermi level position as shown by Fan and Ramdas. Figure 24 indicates
this dependence; the shaded areas indicate the range of Fermi level posi-

tion over which each band is seen.

Two 1lithium-diffused optical samples and two nondiffused control
samples were Pprepared from lOu—ohm—cm FZ silicon. The sample dimensions
were 2 x 4 x 10 mm. The samples were diffused by the paint-on technique

to g lithium donor density of about 5 x 1016 Li/cc. They were irradiated

with 30-MeV electrons to a fluence of 2.5 x lO17 e cmga The samples were
immersed in liquid nitrogen during irradiation, and their temperature

never exceeded 150°K. After irradiation, the samples were transferred
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Fig. 24 Divacancy model

(still at T7°K) to an optical dewar and optically scanned in the Perkin-
Elmer spectrometer in the l.1- to 5-um range. Both the diffused and the
nondiffused samples showed comparable absorption in the 1.75- to 1.8-pm
region, as shown in Fig. 25 (curves A). This absorption is attributed

to the divacancy when the Fermi level is below (Ec - 0.21) eV.

The samples were annealed at room temperature for 15 minutes while
being dried with dry nitrogen. On reexamination at 77°K, the 1.8-um band
in the lithijum-diffused sample was found to be greatly reduced, and there

was enhanced absorption near 1.4t and 1.65 um. Annealing the samples below

room temperature was impossible with the equipment being used. The
samples were then warmed to room temperature again and immediately
examined in the 1.1- t0 2.5-pm region. After less than 30 minutes at
300°K, the 1.8-um band had virtually disappeared in the lithium-diffused
sample, and bands near 1.4 and 1.65 pm had appeared. These bands have
previously been observed by Young et al. 39 in 1lithiuwm-diffused silicon.
The primary difference between this investigation and Young's is that
Young irradiated near 300°K rather than near 150°K, and several days
elapsed between irradiation and observation; hence, the 1.8-ym divacancy
band he observed was considerably less dense than the one we observed.

Young's samples had undergone 300°K annealing before his measurements
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Fig. 25 Relative transmission of high-purity FZ (th—ohm-cm) and high-purity
Li-diffused (ny=5x1016 Ii/cc) FZ silicon after irradiation with
2.5x1017 e/cm? (30 MeV) at <150°K. Curves A and B normalized to
tungsten light source; other curves normalized to transmission
through 107-chm-cm nonirradiated sample. History of samples given

in Table 2.2. Resolution better than 0.02 ume.
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commenced. Our samples were isochronally annealed for 15-minute periods
in 50°C steps from ~400° to ~625°K. The results of this anneal are sub-
stantially in agreement with those of Young et al.

Young et al. attribute the 1l.4k- and 1.65-um bands to defect com-
-+
plexes consisting of one and two Ii ilons, respectively, which are

trapped by a divacancy.

It is clear from Fig. 25 that the Si-G7 anneals at much lower tem-
perature in lithium-diffused silicon than in non-lithium-diffused silicon;

(37,40)

in nondiffused silicon, it anneals near 625°K.

Table 3 presents the annealing history of the samples used in the
divacancy study.

Table 3
ANNEATLING HISTORY OF SAMPLES USED IN DIVACANCY STUDY

Curve Sample Anneal
Designation Temperature Temperature Anneal
(Fig. 25) (°k) (°K) Duration
A T <150 Intermittent
during
irradiation
B 300 300 <30 minutes
C 300 300 12 hours
D 300 398 15 minutes
E 300 448 15 minutes
F 300 473 15 minutes
G 300 523 15 minutes
H 300 573 15 minutes
I 300 623 15 minubes
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6. USE OF COMPUTER PN CODE FOR PREDICTING
PERFORMANCE OF SOLAR CELLS

6.1 INTRODUCTION

Although measurements under this contract were done on bulk silicon
diffused with lithium, the desired ultimate goal 1s an operating device—
namely, a solar cell—that is resistant to radiation damage. Therefore,
in addition to measuring changes in the electronic properties of bulk
materials due to damaging radiation and annealing, it is important to be
able to predict the effect of such changes on the device performance.

The conventional analyses of solar cell performance have usually taken
two approaches. In the first, the short-circuit current (ISC) of the
solar cell 1s calculated based on diffusion theory, assuming uniform car-

rier lifetimes (or diffusion lengths) on the two sides of an estimated

Lo
depletion region.(hl’ ) The second approach consists of fitting experi-
mental data to the solar cell current-voltage (I-V) equation,(AB’uu)
v/v
_ _ 0 _
I=1I, -1, (e 1), (8)

to empirically determine the unknown parameters: V., the diode charac-

O)

teristic voltage; T the reverse saturation current; and Isc’ the short-

O)
circuit current.
While both of these methods can yield useful results for certain pur-
poses, they both have shortcomings for application to radiation damage
studies. Although the first method attempts to relate performance to the
bulk material properties of the device (for example, lifetimes, diffusion
constants, generation rate of excess electron-hole pairs, etc.), it is
usually necessary to assume that the parameters are constant on either
side of the Jjunction. Thus, it is diffilcult or impossible to correctly
simulate the effects of nonuniform damage or the attenuation of the 1light
intensity with depth into the device. Also, it is usually necessary to

make other simplifying assumptions—for example, quasi~charge neutrality
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in the bulk of the device, zero-carrier densities at the edge of the deple-
tion region, and no recombination in the depletion region. Moreover, this
method is strictly applicable only to short-circuit conditions, and attempts
to predict performance as a function of load would require additional as-
sumptions. On the other hand, the solar cell equation (Eq. 8) predicts the
device performance versus load, but it is difficult to relate the empirically
detemined parameters of the equation to the properties of the material,
especially if the radiation damage is not uniformly distributed throughout
the device. Thus, one needs a new method, one which predicts the output of

a golar cell as a function of its external load, the basic material prop-

erties, and the distribution of damage.

Under government contracts,* Gulf Rad Tech has developed a computer
code called PN(AS’M6’A7) which is ideally sulted for this problem. This
code is operational and was previously used to investigate a number of
problems involving transient ionization effects in electronic devices.
With no modifications, it can be used to predict the steady-state I-V
characteristics of solar cells with arbitrary doping profiles, spectral
light intensity, nonuniform radiation damage, etc. It can include the
degradation of carrier lifetimes with radiation fluence and the annealing
of this damage with time. For most solar cell applications, the damage
is introduced so slowly compared to the ammealing rate that only steady-
state damage constants are necessary. An earlier version of the code is
described in detail in Ref. 46, but some additional features that are |
useful for simulation of solar cells were added during the past year.(u7)

The general features of the code that are of interest for solar cell

problems are described briefly in Section 6.2.

Section 6.3 is concerned with the application of the PN code to gene-
rating realistic I-V characteristics for a 10-ohm-em N-on-P solar cell.
This included a study of how varying input parameters such as doping,
lifetimes, and generation rates affect solar cell output. Analytical
expressions, which hold for open-circuit voltage and short-circuit cur-

rent, are compared with computer code results.

*Sponsored by the Air Force Weapons Laboratory and the Defense Atomic
Support Agency.
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In Section 6.4, the computer PN code is used to calculate the degra-
dation of performance for a solar cell exposed to 300-keV protons, which
produce nonuniform damage. The results are shown to be in agreement with

experimental results.

6.2 DESCRIPTION OF PN CODE

The PN code is applicable to devices that can be approximated in one
dimension, either linear in rectangular geometries or radial in cylindri-
cally or spherically symmetric geometries. In the following, the discus-

sion will be confined to the linear geometry.

The basic equations that are solved by the computer for the interior
of the device are the one-dimensional continuity equations for the two

charge carriers, n and p,

on aJn
SETET R ©)
op Ei?
ot =&~ r- ox ° (10)

and Poisson's equation for the electric field E,

& _d [p -+ aw] . (11)

In these equations, n is the density of electrons in the conduction band,
p is the density of holes in the valence band, AN is the net density of

doping of the semiconductor (positive for donors, negative for acceptors),

g is the magnitude of the electronic charge (1.6 x ZLO—19 C), and K = lmee

= 1.33 x 11.0-1:L f/em for silicon. The term g is the generation rate of

0]

electron-hole pairs due to the incident radiation, and r is the recombi-
nation rate of excess electrons and holes. These terms may depend on time

and position. Usually, the recombination rate is simulated by a Shockley-

I%ad(ll) type of equation of the form
np - n
0
r = (12)
+ + + ’
’l‘no (p + pg) Tpo (n + ng)

where 0o is the intrinsic carrier density, np and P are the values of
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n and p when the Fermi level colncides with the energy level of the re-
combination center, and Tno and Tpo are the low-injection-level recombi-
nation lifetime of electrons in heavily p-type material and of holes in
heavily n-type material, respectively. However, more complicated types
of recombination, including trapping, are available if desired. For
radiation damage and annealing, Tno and TPO change with fluence and time.

The quantities Jn and Jp are the particle current densities given by

3 _ dn _ _ _ (kT\ on
J =, =D = =u, [-n E (:;) S§] s (13)
Jp nv, Dp 55 by [+p E - ( q) 551 . (1)

The E (or velocity v) terms are the drift currents with mobilities u, and
b2 and the a/ax terms are the diffusion currents with diffusion coeffi-
cients Dn and Dp. Temperature enters the problem by Einstein's relation
between the p's and the D's and in the values of Ny s Mp’ TnO’ Tpo, Dps
and Ppe In these equations, n, p, g, Tng? TPO, and E can be functions of
time and position, while AN, oo and “p are constant in time but are func-

tions of position.

The device is connected to an external circuit that can include var-
ious arrangements of batteries, resistances, capacitances, and inductances.
However, for solar cell applications, the exteimal circuit will normally
‘consist of a single resistance connecting the two ends of the device. The
code calculates the current in the external circult by suming voltages
around the loop, including internal electric fields inside the device and
contact potentials at the two contacts, and dividing by the external resis-
tance. The boundary conditions require that the external current equal

the internal current inside each end of the device.

Several types of boundary conditions at the contacts are available.
One, called "bulk" condition, forces the slope of the carrier densities
to be zero at the boundaries. This condition is suitable if the detalls
of the boundaries are not important. However, if differences in the work
functions of the semiconductor and contacts are important, the "bulk" con-

tact potentials, which are included automatically in the code as a function
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of doping to give the proper summation of voltages around the circuit,
can be modified to account for the difference in work functions. Finally,
to simulate ohmic contacts, a thin region of high recombination rate was

inserted at each contact.

To solve the time-dependent partial differential equations, they are
converted into finite difference forms, and the resulting algebraic equa-
tions are solved by iteration for finite-time step intervals. The details
of the differencing and iteration procedures are described fully in Refs.
46 and 47 and will not be repeated here. Suffice to say, the transient
and steady-state solutions obtained from the code give excellent checks
with problems that can be solved analytically. The mesh distribution for
the finite differences is arbitrary, but the permissible total is limited
to 230 stations by the capacity of the UNIVAC 1108 computer. This number
is quite adequate for simulating a solar cell. The mesh spacing can be
made small where the variables are changing rapidly with position, such
as near junctions, and they can be spaced further apart where the variables
are changing more slowly. The code has an automatic remesh feature in case
the densities change more rapidly than a specified ratio between adjacent

mesh stations.

To start a new problem, the code starts from an arbitrary but mathe-
matically consistent set of distributions of densities and electric flelds.
This initial distribution is usually physically unrealistic, but the code
then proceeds in time to the correct physical situation depending on the
input parameters. If one then desires to make a small change to the sys-
tem, such as changing the external resistance, it is usually permissible
to start from the end of the previous run and make the change, rather than

starting over from the arbitrary initial distribution.

The advantages of this code over most other methods of analysis are
(l) it is not necessary to make arbitrary assumptions about the boundary
conditions at the edge of the depletion region or about quasi-charge
neutrality in various regions of the sample, (2) recombination inside the
depletion region can be considered, and (3) the doping profile and the
distributions of recombination centers and carrier generation rate inside

the sample can be simulated to any reasonable degree of complexity. Thus,
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the user has the assurance that what he obtains from the camputer is not
a byproduct of some dubious assumption that he may have had to make in
order to obtain a solution but is the rigorously correct solution for the
equations of the system, within the accuracy of the finite difference

approximations.

6.3 APPLICATION OF CODE TO A TYPICAL SOILAR CELL

The first task set for the code was to see if it could reproduce a
typical solar cell I-V characteristic curve. The cell that was simulated
is an N-on-P cell with 10-ohm-cm base material; the area is 2.0 cm2 with
three electrical contacts on the front face. The real cell was manufactured

(48)

by Texas Instruments, Inc. (TI), and is described in a TI bulletin.

There were several physical parameters that were unspecified in Ref.
48, For lack of better information, the doping profile on the N side was
rather arbitrarily assumed to be the complimentary error function solution
to the diffusion equation with a surface concentration of ZI_Ol9 cm"3 diffused
to give a junction depth of 0.5 um. In the following section, a step-
function doping density was assumed in order to compare PN code predictions
with analytical expressions which are only valid for uniform doping den-

sities on each side of the Junction.

The lifetimes must also be supplied to the code. On the N side, it
was assumed that the un-ionized fraction of the donors, of density Nﬁ
(cm_3), acts as a recombination center, and the minority-carrier lifetime,

™ (in sec), is
= 1/(Vb0§Nu) . (15a)

The value of the majority-carrier lifetime, Tn’ has an insignificant effect
on the recombination rate, and almost any value could be used. For simpli-
city, it was also taken of the form

™ = 1/(VhohNu) ' (15%)

In Eg. 15, v is the thermal velocity and O is the capture cross section.

7

A nominal value of 10' cm/sec is used for Vp’ and the velocity v is then

found from
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v=v-ﬁ;§=o£2%. (16)

n 1Y

The specific value 0.82 is cbtained from the density-of-states masses.
The value of the cross sections, o, depends on whether the center is

charged or neutral for that particular capture. In fact, near room tem-
(12)

the following, we have assumed them both to be equal to 5 x lO_16 cmg.

perature the two cross sections appear to differ very 1little and, for

Since the doping density N decreases from lOlg/cc at the surface to
the order of 1015/cc at the Junction, Tp varies from 2 x 10_1l sec to the
order of 3 x J_O—7 sec.

» cm—3

The doping in the base was initially taken to be 1.5 x 10
from Irvhl's(5> data of resistivity versus doping, but it was later found
necessary to assume a density of 5 x 1015 cm_3 in order to match the open-
circuit voltage reported in Ref. 48. The electron lifetime in the base
region was varied as described in Section 6.4 to obtain a short-circuit
current of about 30 mA/cmg. The final value that was chosen was T, = T3
psec, which yielded a current of 28.8 mA/cmg.

3—sec—l), was found by following

The ?eneration rate g(x) (in em
ho
Kleinmann )and integrating over the entire effective solar photon flux

N(A) (in photons/cmg—sec-um):

1.08 -0, X
g(x) = NGO @ e MO (17)

0.h2 A

where ax.is the absorption coefficient in cm_:L and )\ is the wavelength in
um. The limits on the integral are Kleimmamn's and correspond to limits
imposed by the band gap and optical absorption. The TI test cell was
measured under air mass one (AM1) conditions. The energy absorbed by the
atmosphere is relatively large in the bandgap region of silicon, so Eq.

17, which is based on air mass zero (AMD), was appropriately reduced.

The main objective of this test to simulate a solar cell has been
fulfilled, as is shown in Fig. 26, where the calculated I-V curve is com-

rred with the measured I-V curve.
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Fig. 26 Measured I-V curve compared with cell simulated by the
PN code. Both cells are graded Jjunction in AM1 sunlight.
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6.4 DEPENDENCE OF ELECTRICAL OUTPUT ON PHYSICAL PARAMETERS

Some of the more important inputs to the PN code are the doping, Jjunc-
tion depth, lifetime, etc. In order to fully understand the operation of a
cell, it is necessary to know how these parameters affect the electrical
output of the cell., Various calculations, applicable to special cells,
appear in the literature. A few computer runs were undertaken to test some

of these analytical expressions.

The analysis of Wysocki and Rappaport,(hg) for example, can be used to

obtain an approximation* for the open-circuit voltage, Vbc,

V.~ (xt/a) fn (I /1)) . (18)

In Eq. 18, Io is the reverse saturation current for an ideal diode,
2
I, = an; (Ln/TnNA + LP/TPND) . (19)
In Eq. 19, the diffusion lengths L (in cm) are

L =.D7 , (20)

NA and ND are doping densities on the P and N sides, respectively, and n,
is the intrinsic carrier concentration. We shall later find (cf. pp. 85,
86) that, under solar illumination, I, does not vary much with lifetime
T3 in this case, and assuming a large doping Nb, Eq. 18 predicts that Vbc
wlll vary as (kTVq)logJ—;. For penetrating uniform light, on the other
hand, I = “/T—n and V_ <= (kT/q)log'rn.

6.%.1 Calculation of Open-Circuit Voltage, Vﬁc**

A different calculation of the open-circult voltage can be made by
arguing that the generation, g, will create an electron density, 8T, in
the base region. This density will fill the conduction band up to an
energy Ep, given by

*The validity of this approximation rests on the fact that in Eq. 15
of Ref. 49 the ideal diode current contains a factor exp(qV/kT), while the
recombination current contains a factor sinh(qV/EkT). The first term domi-
nates the second for V = V_, 2 0.5.

**Mhe analytical expressions derived in this section specifically apply
to a solar cell which has uniform doping densities on either side of the
Junction. This is consistent with & constant Fermi level on either side

of the junction and a generation rate which does not depend on position.
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(B, - n,)/&T
gr, =W, e 5 (21)
where np is the Fermi level on the P side. The density of electrons in
the N region, Nb, must satisfy an analogous relation

(E. - n)/xT
N.=N e O )/ . (22)

An expression relating the energies is found by dividing Eq. 21 by Eq. 22
to find

gr /Ny = exp [(Ep -E +tmn - np)/kT] . (23)

The difference in Fermi levels represents the energy gained by transferring

a sgingle electron from one side to the other; i.e., it is quc:
Woe =My = M (24)

The two populations of electrons, while not in thermodynamic equilb-
riun (if they were, n, = np), are free to exchange electrons across the
Junction, until they both reach the same energy level. This is illus-
trated in Fig. 27. The bottom of the band on the N side is lowered by
.the built-in voltage, qV. , which can be calculated from the doping

b
densities:

Ep =B - qV - (25)

The use of Egs. 24 and 25 in Eq. 23 yields

Voo = W + (¥T/a)1og (g7, /M) (26)

Fig. 27 Diagram showing the relative energies of carriers
across an n/p solar cell junction
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Note that ng/ND is less than one for all practical cases, so Voc is less
than VB. (Equation 26 must become invalid as ng/ND approaches unity be-
cause V_ can never exceed Vﬁ.)

To compare the PN code predictions with the analytical expression
given by Eq. 26, input parameters representing a step Junction, with
values given in Table 4, were supplied to the code. Open-circuit voltage
versus generation rate is shown in Fig. 28. Also shown is the open-circuit
voltage calculated from the empirical equation (18), where IO was calcu-
lated from Eq. 19 and ISc was generated by the PN code. The excellent
agreement between VOc calculated by the PN code and Eq. 26 shows that the
code correctly calculates VOc in the 1limits imposed by this special and
analytically soluble case, and gives one confidence that the code may be
applied to more realistic solar cell configurations, including graded-

Juection devices.

Table L

INPUT PARAMETERS FOR PN CODE
STEP JUNCTION CELL

Doping (cm_B) T (sec) L (cm) L/Nr (cmu/sec)
N side 10%8 2.5 x 1072 1.2 x 1074 4.8 x 107
P side 1.5 x 10%° 5.0 x 10°° 1.2 x 1072 1.6 x 107

The graded Junction does not satisfy the simple assumptions of uni-
form generation and doping, but both Egs. 18 and 26 suggest that voc
varies as log 1. Returning to the original solar cell configuration,
which had the complimentary error function diffused junction, the rela-
tionship between open-circuit voltage (calculated by the PN code) and
minority-carrier lifetime Zn the base T is shown in Fig. 29. The values
of Tp in the base 1s not an important parameter; but in any case, Tp was
changed whenever Tn was changed to keep the ratio Tp/Tn = 0.82. Figure
29 shows that Vbc does depend linearly on log T, with a slope AV/AlogT
equal to about 0.0137 volt which is roughly 0.5 x kT. Equation 18 pre-

dicts a value of 0.5 kT for the case of solar illumination.
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Fig. 29 Variation of open-circuit voltage, Vpoe, with minority-carrier lifetime
in the base, T, as calculated by PN code. Cell is graded junction on
10-ohm-cm material, illuminated by a solar spectrum.
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6.4.2 Short-Circuit Current

(50)

We now inquire into the solar cell's short-circuit current. Cooley
gives

I, = cL/(L + 1/a) , (27)

where C i1s a proportionality constant, L is the diffusion length, and o is
the frequency-dependent optical absorption coefficient. Again, in order
to discover whether the data calculated by the PN code exhibit any regu-
larity, they were tested against the functional form of Eg. 27. Equation

27 was recast in the form

I_l— = -61& (o[ + :I_/L) 3 (28)
sC

so that, if Eq. 28 is obeyed, a plot of 1/I versus 1/L should be a straight
line. Figure 30 shows that this is approximately the éase for fhe larger
values of 1/L. The intercept indicates that C is 31.8 mA/cm2 and the slope
gives ¢ Q;1.45 X lO3 cm—l. This number is about equal to the attenuation
coefficient in the neighborhood of the spectral response peak for a solar
cell wifh diffusion length of order 10_24cm or less. "The points appear to
break away from the linear relation for .smaller 1/L, so Eq. 28 may not be

applicable for large diffusion lengths.

The fact that Eq. 28 adequately describes a graded-junction solar cell
for L < lO—2 em is very useful in assessing the degradation of current by a
process which uniformly changes dilffusion length, neutron and high-energy

electron damage being examples.

In the important case of low-energy proton damage, Eq. 28 is of no
avall, so a specific computation was mede for this case, as described in

the next section.

6.5 COMPUTER-SIMUIATED 300-keV PROTON DAMAGE

The PN code has been used to calculate the I-V output of the 10-ohm-cm
N-on-P Texas Instruménts cell previously discussed, after it had been ex-
posed to normally incident 300-keV proton fluences up *o 1015/cm2, Low-
energy proton radiation is taken to be typical of space radiation, and is
thought to provide a stringent test for the applicability of the PN code,

because of the nonuniform distribution of recombination centers produced
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by such radiation. Proton damage was simulated by adding radiation-induced
recombination centers to Egs. 9 and 10. The number of recambination cen-
ters produced depends on the proton's energy, and the proton's energy
depends on its pehetration depth. These recombination centers may act as

carrier removal sites in addition to degrading the lifetime. Carrier

removal was initially assumed to be of less importance in degrading solar
cell performance than lifetime degradation; however, the influence of car-

rier removal was later estimated.

The variation of proton energy with depth is found from the tabula-
,(51)

tions of Janni which give the range R(Eo) (in cm), of normally incident
protons of energy, E, (in keV):
B

R(EO).=J. ° <cos B> AE/w , (29)
100
where w = dE/dX is the energy loss in keV/cm and <cos 8> 1s the mean value
of the cosine of the angle of the projection of the proton velocity to its
original direction. If we define R(E,EO) as the range at which the proton
with initial energy Eo has energy E, then

By
R(E,EO) =J; <cos 6> AE/w = R(EO)—AR(E) . (30)

Table 5 gives R(E) and R(E,EO) versus E for Ej = 300 keV. The func-
tion R(E,300) is roughly linear in E.

Table 5

RANGE VERSUS ENERGY FOR LOW-ENERGY
PROTONS IN SILICON

R(E,300)
E - R(E) (Eq. 30)
(keV) (em) (cm)

0 0 3.65 x 107
100 1.22 x 1074 2.43 x :Lo‘lL
150 1.7h x :Lo'LL 1.91 x 1o'lL
200 2.33 x 10"LL 1.32 x 107
250 3.00 x 1o'LL 0.65 x 1o'u
300 3.65 x 10'LL 0
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To calculate the number of defects at depth R, we ?ie% the results of
3

and 43 use the diffusion length (L) degradation with fluence &:

Crowther et al.,(52> as extended by Barrett and Stroud. References 52

2
M1/17) = K be (31)
which, because of Eg. 20, can be written

1
5 A1/ = K 02 . (32)
In particular, Refs. 43 and 52 report the specific functional form

0.75) e—l.OBE <

K (8) = (1.92/0 107, (33)

where (2 is the resistivity in ohm-cm, E is the proton energy in MeV, and

KL itself has the units proton_l.

The computer code requires the recombination center introduction rate,

KN, def ined by

M = Ky A%, (34)
which can also be written as
AN = 2 a(1/7) . (35)
Vo

Combining Egs. 32 through 35, one finds

K, = (D/ov) k. = (6 x 107) K (36)

9

5 x 10 cm3/sec are used
(1.5 % 109) K;, was found
to give a better fit to the data of Statler and Curtin.(53) This final

1f the standard values of D = 30 cmg/sec and ov

for 10-ohm-cm material. However, a value‘of KN

result can be achieved by increasing the ov product or decreasing the value
of KL(E) by a factor of 4. This indicates that Eq. 33 does not accurately
describe the proton degradation of the cell belng simulated. This obser-
(43)

vation is consistent with the findings of Barrett and Stroud.

Va lues of KN and AN for & = lO:LO and 1O15 protons/cm2 are given in

Table 6.
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Figure 31 presents a family of I-V curves calculated by the PN code
for the 10-chm-cm N-on-P cell described in detail in Section 6.3. The
initial I-V output (also shown in Fig. 26) and the degraded I-V output

after 300-keV proton fluences of 1 x 1013, 1x 101#} and 1 x lO15 p/cm2

are shown. The 1llumination level was one solar spectrum at air wass one
(AMl), and the degraded curves were obtalned by adding the spatial distri-
bution of proton-induced recombination centers as given in Table 6 to the

initial recombination center distribution selected in Section 6.3.

Figure 32 shows the degradation of short-circuit current with fluence,
normalized to the unirradiated value. Both the results of the PN code and

(53)

experimental results® by Statler and Curtin are shown. The trend of
the present calculation is quite satisfactory. The flattening with higher
fluence is more pronounced in the experimental curve than in the PN compu-
tation. This may be because the damage constant tends to decrease for

large fluence where carrier removal effects begin to become important.

Some effort has been devoted to investigating the effect of carrier
removal on solar cell degradation. Carrier removal reflects back on life-
time by changing the injection level. Most of the specific information on
carrier removal to be found in literature resulted from neutron irradia-
tion experiments. As a first approximation, we assume that neutron damage
and proton damage are sufficiently similar that neutron radiation results
differ from proton damage only by some scale factor; thus, the results may
differ numerically but are qualitatively identical. Appropriate correc-

tions can later be supplied.

Buehler(Sh) has found that the resistivity, p (in ohm-cm), varies

with fluence & (in particles/cmg) according to

p = po e ® (37)

The parameter k in Fq. 37 is

1h

k = 387 poo’77 = 4.87 x 10 (particles/cmg) , (38)

*The data of Statler and Curtin were actually on cells partially
shielded, or covered by cover glasses. For the purpose of comparison
with PN code predictions, their results were extrapolated to the limit
of a bare cell.
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where Py the initial hole concentration, was taken to be Py = 5 x lOl5

cm~3, the value used for the simulated cell.

(55)

Gregory has measured a lifetime degradation coefficient for neu-

trons, K, which he defines by

A(1/7) = 03/ (8) . (39)

The coefficient K(8) is found to depend on fluence and resistivity, and a
plot of Gregory's data on log-log coordinates shows that K(é) varies approx-
imately as the 0.5 power of resistivity (p) and as the 0.2 power of injec-

tion level (n/p). The hole density, p, is proportional to 1/p, so

K(3) ~ K(o)po’5 (n/p)o'2 ~ K(o)po‘7 ~ K(0) eO.?é/k . (L0)

The damage-induced lifetime is calculated by taking such small fluence

steps that the differences can be considered to be differentials:

A

¢
=.[ as/x(s) = 67?%(67 (1 - eo'7@/k] + l/TO . (k1)

0]

Ir O.7¢/k is much less than one, Eq. 41 reduces to Eq. 39, but for & =
10%°, Bq. U1 gives & 1/7 that is 0.53 times the value found from Eq. 39.

A computer rw with this 1 increases the current ratio shown on Fig. 32
from 0.26 to 0.31 at & = lOl5 p/cmg. The correction is in the right direc-
tion but not of sufficient magnitude to bring the ratio up to the experi-
mental ratio of O.44. This probably means that the effect of carrier
removal on the damage constant is greater for irradiation by protons than

estimated above using neutron data.

6.6 CONCLUSIONS

The above results indicate that the PN code is a very useful and power-
ful tool for computing the I-V characteristics of solar cells and in study-
ing how changes in the cell, such as radiation damage, change the electrical
output. The agreement between results from the PN code for an abrupt step
Junction and simplified analyses assures that the code will give realistic
results for more complicated junctions which cannot be analyzed by the ~

simpler techniques. In particular, the contribution to the solar cell
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current due to the heavily doped face of the cell could be studied by vary-
ing the lifetime in this region. Also, the effect of nonuniform damage,
such as that caused by low-energy protons, can be computed, but more work

is required to determine the magnitude of some of the degradation parameters
at large fluences.
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T. OTHER WORK

During November of this year, several lithium-diffused silicon solar
cells were irradiated with 30-MeV electrons to fluences of 3 x lOllL and
3 x lO15 e/cm2 at room temperatures, for Dr. J. R. Carter of TRW Systems
Group. The data from the cells are to be used in their Jet Propulsion

Laboratory (JPL) program.

At the same time, a sample of lOu-ohm-cm float-zone silicon from the
boule investigated in this contract was irradiated to intrinsic resisti-

vity and supplied to Dr. R. J. Stirn of JPL.
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8. SUMMARY OF CONCLUSIONS

The conclusions from the basic research performed on silicon are
varied and help to illuminate the nature of defects in irradiated silicon.
During this program, speclal emphasis was placed on minority-carrier life-
time measurements, since the performance of solar energy devices is largely
determined by the minority-carrier lifetime. Electron-spin resonance mea-
surements, along with infrared absorption measurements, were used to help

illuminate the detailed nature of the defects.

8.1 MINORITY-CARRIER LIFETIME

8.1.1 30-MeV Electron Irradiation

The minority~carrier lifetime of 30-MeV electron-irradiated, FZ and
QC lithium-diffused n-type silicon was studied. The lifetime temperature
dependence, degradation rate, and annealing characteristics were messured,
Both lightly diffused (nos 2.0 x 1077 cm’3) and heavily diffused (no =
1.0 x 1016) samples were investigated. From these studies, the following

conclusions can be drawn.

l. The initial preirradiation lifetime of lightly diffused FZ
silicon is due to at least two centers. Its temperature
dependence indicates one center of unknown charge near (Ec -
O.l7) eV, and an attractive center deeper than 0.35 eV from
either band edge. The shallow center is not the A center
because, in lightly diffused FZ silicon, preirradiation life-
time measurements indicate attractive recombination centers
further than 0.3 eV from a band edge, and no center near
(Ec - 0.17) eV. Because the initial conduction electron con-
centration in the heavily diffused silicon was so high, the
minority-carrier lifetime temperature dependence could not dis-

tinguish between the two centers if both were present. Our
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measurements on heavily diffused FZ and QC silicon indicate

attractive centers deeper than (EC - 0.17) eV.

At least two kinds of recombination centers are introduced
in lightly diffused FZ silicon by the 30-MeV electron irradia-
tion: one deeper than about 0.35 eV, which controls recombina-

tion above 150O to EOOOK, and one near (EC - 0.17) eV, which is

‘dominant below 150o to 2OOOK. In QC silicon, all radiation-

induced recombination centers seem to be more than 0.3 eV from
a band edge. The recombination centers in heavily diffused

silicon are not well located but are deeper than (Ec - 0.17) eV.

The room~temperature minority-carrier lifetime degradation

constant for heavily diffused FZ and QC silicon was approximately
twice that for lightly diffused or nondiffused silicon. The
increased degradation constant of heavily lithium-diffused
silicon'compared with that of non-lithium~diffused silicon is
interpreted to indicate that the presence of lithium is effec~
tive in the production of recombination centers in lithium-
diffused silicon. These recombination centers either contain

lithium or are affected in their production by lithium.

In lightly diffused FZ and QC silicon, the minority-carrier
lifetime at and above room temperature is contrclled by recom-
bination through centers further than about 0.3 eV from either
band edge. These centers show first-order thermal annealing
near 380;i200K, with activation energies of 0.8 +0.1 eV for

FZ and 1.1 £0.2 eV for QC silicon. Effective frequency factors

scale with lithium concentration.

In lightly diffused FZ silicon, the radiation-induced center at
(Ec -« 0.17) eV which is dominant at low temperatures was not
apprecisbly annealed in 1 hour at 39OOK but appears to anneal,

at least partially, over long periods at room temperature.

The annealing of the recombination centers in lightly irradi-
ated, heavily diffused FZ and QC silicon is apparently complete.
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However, after extended fluences, the annealing of the recombi-
nation centers is not complete; not all the recombination centers
are annealed. Trapping centers aiso are created, apparently dur-
ing thermal anneal, and these are not reduced by thermal annealing
below 43OOK. This may reflect a depletion of lithium which is

able to neutralize a recombination or trapping center.

In general, it appears that in electron-irradiated, lithium-
diffused, FZ and QC silicon, both lithium-dependent and non-
lithium-dependent recombination centers are produced. The
number of each depends on the lithium concentration, with the
largest number of lithium-dependent centers being found in
highly diffused silicon and the largest number of non-lithium-

dependent centers being found in lightly diffused silicon.

No irradiation temperature dependence of the recombination cen-
ter introduction rate for 30-MeV electrons in the 1150 to
3OOOK temperature range was observed. However, the minority-
carrier lifetime degradation constant for lithium-diffused
samples irradiated and measured at 3OOOK is five to ten times
smaller than that for samples irradiated and measured at ll5oK.
This may be attributed to the temperature dependence of the

recombination center capture cross section.

Isochronal and isothermal annealling results on both FZ and QC
1ithium-diffused, electron-irradisted silicon indicate that the
anneal 1s a single-stage, first-order anneal. Activation energies
of 0.8 + 0.1 eV for FZ samples and 1.1 + 0.2 eV for QC samples
were Observed, which agree with fhe activation energies of dif-

(21)

to ILO:Ll sec—l, increasing

fusion of 1ithium in FZ and QC silicon,

7

respectively. Effec-
tive frequency factors ranged from 10
with increasing lithium donor density. These facts strongly sug-
gest that the thermal annealing of radiation defects in lithium-

diffused silicon is due to the migration of lithium to the defect

center.
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8.1.2 Fission Neutron Irradiations

A number of observations can be made concerning the results of
minority-carrier lifetime studies in fission-neutron~irradiated lithium-
diffused silicon. First, the lifetime degradation constant for 4-ochm-cm
FZ silicon is nearly the same as for silicon containing no lithium (K A

-6
6 x 10

dence for neutron damage. The degradation constant for oxygen-rich QC

cm2/n—sec), which 1is consistent with the lack of impurity depen-

silicon, however, is more than twice as greaf, suggesting a radiation-
induced recombination center whiéh contains or whose creation depends
upon oxygen. Second, more than 90% of the neutron damage was annealed

at temperatures between 3OOo and 3800K. From Stein's data, one would
expect less than 10% recovery for non?lithium—diffused n-type silicon
subjected to the same annealing schedule. This is to be contrasted with
the insignificant impurity dependence of the annealing observed for
phosphorus- and arsenic-doped n-type silicon. Third, the activation ener-
gies determined from isothermal and isochronal amneals are very clogse to
E = 0.66 £0.05 eV for the energy of lithium diffusion in FZ silicon. The
annealing results for QC silicon are more uncertain, but indicate an energy

of E~ 1.2 0.6 eV. The activation energy for lithium-oxygen dissociation
and lithium diffusion is thought to be about 1.07 £0.05 eV. This strongly

suggests that the anneal depends on the diffusion of lithium to the
neutron-produced recombination centers in both FZ and QC silicon. Finally,
the effective frequency factor of v NlO7 sec_l for annealing in FZ sili-

con suggests long-range migration.

8.2 ELECTRON-SPIN RESONANCE

Three specific defects have been observed in electron-irradiated
lithium-diffused silicon, two by electron~spin resonance techniques and
one by infrared absorption measurements. In QC silicon, the Si-Bl cen=~
ter introduction rate is the same as in non-diffused silicon (~0.15 cm—l)
as long as the lithium density is much less than the oxygen density.

When the lithium and oxygen densities are comparable, the Bl center intro-
duction rate is significantly reduced Cv0,025 cm_l). We can attribute this
to the lithium~oxygen pairing, reducing the number of oxygen atoms avail-
able to form oxygen-vacancy (Si-Bl) centers, or to competition between

oxygen and the positively charged donors for the vacancies. The Bl center
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in lithium-diffused silicon is found to anneal below 400°K instead of
near 6OOOK, as 1n nondiffused silicon. The Li'O+ density and conductivity
decreased as the Si-Bl center annealed. When phorphorus-doped silicon

is lithium-diffused to a lithium donor density up to three times the
original phosphorus density, the number of phosphorus donors remains
unchanged, indicating that lithium-phosphorus pairing does not occur. In
phosphorus-doped lithium-diffused silicon (lO16 P/cc; ~lOl6 Li/cc), 30-MeV
electron irradiations of ILO]'7 e/cm2 below lSOOK are found to produce Si-G8
(phosphorus—vacancy) defects at a rate comparable to nondiffused silicon.
Production and annealing studies on the Si-G8 center at these density and
flvence levels indicate that the presence of lithium has little or no

effect on the creation or annealing of that center.

8.3 INFRARED ABSORPTION
17

Infrared absorption measurements indicate that, at fluences of 10
e/cmg, the introduction rate of the Si-G7 center (divacancy) is comparable
to electron-irradiated lithium-diffused (5 x 1016 Li/cc) and nondiffused
‘silicon. The divacancy anneals at or below 3OOOK in diffused silicon, com-
pared with ~325° to 575°K in nondiffused silicon. As the 1.8-um divacancy
band disappears, new bands near 1.4 and 1.65 ym appear, and these anneal

near 600°%K.

8.4 COMPUTER SIMULATION OF SOLAR CELL

Our ESR and IR measurements have identified three known radiation
defects, thought to be recombination centers, in lithium-diffused silicon,
and have measured their introduction and and amneal rates. From lifetime
measurements, we have information about the energy levels, introduction,
and annealing rates of radiation-induced recombination centers in 1ithium~
diffused silicon of various lithium and oxygen densities. Although we
have not identified these defects, their measured introduction and anneal-
ing rates should permit us to use our PN computer code to predict the

degradation and anneal of solar cells.

The PN code has been shown to be a very useful tool for computing the

current-voltage (I-V) characteristics of solar cells and in studying how
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changes in the cell, such as radiation damage or different doping density
profiles, change the electrical output. The agreement between results
from the PN code for a simple step-junction cell and analytical expres-
sions which hold for this simplified cell configuration give confidence
that the code gives correct results for more complicated and realistic
Junctions which cannot be analyzed by the simpler techniques. The code
has been successfully applied to calculate the I-V degradation of s
realistic solar cell irradiated with low-energy protons. Both the orig-
inal recombination center densities and the radiation damage centers were
spatially nonuniform. The code's predictions compare favorably with

experimental results.
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9. RECOMMENDATIONS FOR FUTURE WORK

The overall goal of this research program has been the development
of better solar cells for space missions and the accumulation of the
baslc data required to correctly predict the effect of radiation damage
on solar cell performance. These objectlves have been partially ful-
filled over the past several years, during which a large amount of infor-
mation has been obtained on radiation damage to silicon with and without
lithium. To bring this program to a successful conclusion, the main
tasks which remain are the development of a reliable method for predict-
ing the performance of solar cells subjected to various radiation fluences
and the application of this information to try to improve the output and
radiation hardness of solar cells. Gulf Rad Tech suggests that the con-

tinuation of the present program concentrate heavily on these two areas.

The present methods of predicting the effect of radiation damage on
solar cell performance rely extensively on costly and time-consuming long-
term testing of solar cells under simulated flight conditions. Rad Tech
believes that the delay and costs inherent in this method could be greatly
reduced by utilizing a program combining accelerated teéting and analytical
prediction. Under the accelerated tests, solar cells would be irradiated
to fluences comparable to those experienced on space missions but at con-
siderably faster rates, so that the total fuences could be delivered in
a few days or weeks rather than months or years. From our experilence
with basic mechanisms of radiation damasge, the dose rates can be chosen
so that dose rate effects are negligible and only the total dose is impor-
tant. Using the results from the accelerated tests for arbitrary fluences,
the results could be extrapolated or interpolated to the specific radia-
tion time histories for any mission. This analytic prediction could be
accomplished using the PN code, which has been described previously. For

each cell, the parameters for the code would be determined by independent
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lifetime and capacitance-~voltage measurements and then by comparison of
calculated I-V curves with experiment. When satisfactory results have
been obtained for the unirradiated cells, changes in the parameters due

to radiation damage would be estimated from the open literature, and

these parameters would be adjusted until agreement was again obtained
between calculated I-V curvesg for a specific fluence and the corresponding
experimental results from the accelerated tests. Once the parameters

have been determined for a given cell and a particular kind of radiation
per unit fluence, results can be easily predicted for any other combina-

tion of irradiating particles and fluences.

The increased demand for power and low weight on space missions
emphasizes the need for more efficlent solar cells. The gradual improve-
ment in solar cell performance since they were first suggested has resulted
mostly from improved technology in the manufacturing process. However,
there is still much that is not known about how important certain features
of a solar cell are in determining its performance. Consequently, without
such knowledge, solar cell manufacturers cannot be sure what are the most
advantageous avenues for improvement and, therefore, where to concentrate
their efforts. Many attempts have been made to analyze the operation of
solar cells, but these efforts have been hampered by the complexity of
the equations and the many assumptions that often had to be made to obtain
tractable problems. In prticular, it was difficult to accurately con-
sider nonuniform spatial effects such as that due to low-energy proton'

damage.

Since the PN code incorporates the complete equations for the flow
of charges in the semiconductor, it can simulate solar cells, including
surface and depletion region effects, without rescrting to gross simplify-
ing assumptions. Also, nonuniform spatial effects can be readily included
and parametric studies of the effect of design changes can be performed

easily and accurately.

In summary, Rad Tech believes that continued studies on solar cells
could most profitably be directed to developing better and cheaper pre-

diction techniques for radiation effects on solar cells and to studying
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the basic mechamisms of solar cell operation, with the aim of improving
their operation and radiation hardness. These obJjectlves could be obtained
by a combined program of accelerated testing and analytic study utilizing

the PN code.
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10. NEW TECHNOLOGY

No new teéhnology is currently being developed or employed in this

program.
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11. PUBLICATIONS AND PRESENTATIONS

A paper entitled, "Minority-Carrier Lifetime Degradation and Anneal
in Neutron-Irradiated ILithium-Diffused n-Type Silicon," by B. C. Passenheim
and J. A. Naber, appeared in Radiation Effects 2, 229-231, March 1970. This

paper described work performed during 1969 under contract NAST-100.

A paper entitled, "Lithium—An Impurity of Interest in Radiation
Effects of Silicon," by J. A. Naber, H. Horiye, and B. C. Passenheim, was
presented at the 1970 International Conference on Radiation Effects in
Semiconductors, held at the State University of New York at Albany, N.Y.,
in August 1970. This paper is to be published in Radiation Effects dur-
ing 1971.

A paper entitled, "Production and Annealing of Defects in Iithium-
Diffused Silicon after Irradiation with 30-MeV Electrons and Fission Neu-
trons at 300°K," by J. A. Naber, B. C. Passenheim, and R. A. Berger, was
presented and published in the Proceedings of the Eighth Photovoltaic
Specialists Conference, held in Seattle, Washington, August L-6, 1970.
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